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ABSTRACT
AIR-PROCESSED POLYMER PHOTOVOLTAICS: ADVANCED
MORPHOLOGICAL CHARACTERIZATION AND SYNTHESIS OF NEW
MATERIALS FOR INCREASED LIGHT ABSORPTION
by Levi Michael Joseph Moore
December 2017
Organic photovoltaics (OPVs) have undergone intense development in recent
years due to their potential to produce inexpensive, flexible, lightweight, and portable
solar cells utilizing organic photoactive materials. Polymer-based OPVs have recently
surpassed the 10 % in laboratory-scale devices, but require strict processing conditions in
inert environments. Materials and processing methods that are workable in air are
therefore desired. In addition to the light-absorbing and charge transport properties of the
active layer materials, the morphology, crystallinity and orientation of the components of
the phase-separated blend are paramount in determining OPV device performance This
dissertation explores the processing of the model polymer OPV system under
environmental conditions, and how that processing affects the morphology of the active
layer at the molecular scale. Advanced x-ray scattering was utilized along with
conventional laboratory characterization to mechanistically determine how the processing
steps involved affected the performance of the final devices. Additionally, a number of
new compounds with hypothesized air stability were synthesized and characterized.
Light-absorbing polyhedral oligomeric silsesquioxane (POSS) molecules were
synthesized and incorporated into the active layer of a model polymer OPV to act as
conductive nanostructuring agents. The air-stable thieno[3,4-b]pyrazine subunit was
ii

copolymerized into a donor-acceptor copolymer and used as a broadly-absorbing donor
polymer in the conventional polymer:fullerene OPV architecture. Finally, a series of nonfullerene acceptors was synthesized based on perylene bisimide, an air-stable dye that has
shown wide use in organic electronics due to its broad absorption and good electron
transport capability, and utilized in polymer OPV devices. Alternate, higher-yielding
pathways for the synthesis of intermediate compounds required for the target compounds
were found, which expands available architectures available for perylene bisimide-based
materials.
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CHAPTER I - INTRODUCTION
1.1 Development of Photovoltaics
As the cost of conventional fossil fuel energy increases and the environmental
impact of these sources becomes more severe, the need to diversify energy production
into alternative sources becomes apparent. There has been considerable diversification
through nuclear, geothermal, wind, and solar energy technologies, though the market
share of these sources is still relatively small compared to fossil fuels and natural gas,
which together make up more than 80% of the world’s total primary energy supply.1
Based on data from 2002, the sun provides the earth with as much energy in an hour as
was used by the entire globe in a year.2 At this level, solar energy could provide power
for the entire world at the relatively low power conversion efficiency of 10% while
covering only 0.1% of the available land mass on earth.3 The vast majority of the
photovoltaic devices on the consumer market are based on inorganic silicon,
manufactured from single crystal or polycrystalline silicon and dopants like gallium and
arsenic. These devices achieve high efficiencies, with commercial systems regularly
achieving near 20% power conversion efficiency. There are disadvantages with using
inorganic photovoltaic devices, however. They are heavy and fragile, unwieldy, difficult
to install, and expensive, even when including available governmental subsidies. Organic
photovoltaics, however, have the potential to be mass produced at much lower costs
through facile methods like spin coating and inkjet printing.4 They also have the ability to
be printed onto flexible substrates and to be molded to fit any surface. There are still
barriers to their mass marketability however. Their efficiencies are still, on the whole,
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quite low as compared to their inorganic counterparts, with some materials only recently
crossing the 10% efficiency benchmark that is the threshold for commercialization.5
The photovoltaic effect was discovered in 1839 by Alexandre Edmond Becquerel,
and the first solar cell was fabricated in 1883 by Charles Fritts using selenium coated
with a thin layer of gold as the photoactive material. This initial cell had an efficiency of
about 1%, and was very expensive to produce due to the materials required. After the
development of the silicon-based p-n junction cells in 1941 by Russel Ohl, devices for
power supply applications became more feasible, with efficiencies approaching 6%.
Silicon-based photovoltaics underwent intense development thereafter, and advanced
devices today show power conversion efficiencies greater than 40%. Commercial
devices, like those regularly deployed on rooftops for household electricity generation,
are generally around 20% efficient. These devices, though, are large, expensive, and not
feasible for portable power generation. For small-scale portable power production,
organic photovoltaics are a maturing technology with many recent advances approaching
the threshold for commercialization. These devices can be manufactured on lightweight
substrates, and fabricated via facile processing methods like blade coating, inkjet
printing, and roll-to-roll production.
1.2 Organic Photovoltaics (OPVs)
There are three main types of organic photovoltaic devices: dye sensitized, small
molecule, and polymer. Dye sensitized solar cells are generally comprised of a small
molecule dye supported on titanium dioxide usually with an electrolyte. Small molecule
devices are generally fabricated from small molecules sequentially vacuum deposited
onto a substrate. The first organic photovoltaic cell with an appreciable power conversion
2

efficiency was constructed by Tang using copper phthalocyanine and a perylene bisimide
derivative in a bilayer device.6 Polymer devices are predominantly comprised of a
semiconducting polymer with a pi-conjugated backbone and a fullerene derivative like
phenyl C61-butyric acid methyl ester (PCBM) solution cast into a thin film between
inorganic electrodes, leading to a phase-separated film with discrete polymer and
fullerene phases, termed a bulk heterojunction (BHJ) architecture (Error! Reference
source not found..1). A smaller class of polymer solar cell active layers are made
entirely of semiconducting polymers7 solution cast in much the same way as
polymer/fullerene systems.

Figure 1.1 Architectures of organic solar cells and representative molecules, adapted
from Facchetti et al.7

1.3 Polymer OPVs and Mechanism of Operation
Photocurrent generation occurs from promotion of an electron from the highest
occupied molecular orbital (HOMO) of the polymer to the lowest unoccupied molecular
orbital (LUMO) of the polymer. The HOMO of the polymer is the top of the π band in
the polymer’s molecular orbital system, and the LUMO is at the bottom of the π* band.
3

This is analogous to the valence band and conduction band in inorganic semiconductors.
There are forbidden energy transitions between the π and π* bands—this is commonly
referred to as the band gap. Donor polymers generally have a band gap between 1.5 and
2.5 eV, corresponding to onsets of absorption around 800 to 500 nm, which is the lowest
energy photon that is able to excite an electron from the HOMO to the LUMO. This
begins the process to generate photocurrent.

Figure 1.2 Principle of light absorption, exciton generation, and charge separation in
polymer bulk heterojunction OPV devices. Adapted from Figure 6, Salamandra, L.8
Upon excitation, the excited electron in the LUMO and the hole in the HOMO
create a bound quasi-particle called an exciton. Excitons in this type of system can
diffuse around 10-20 nm before the quasi-particle collapses and the energy is reemitted as
a photon. If, however, the exciton comes to the interface between the p-type (generally a
polymer) and n-type (generally a fullerene derivative) materials, the positive and negative
charges are separated (Error! Reference source not found.). The electron jumps from
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the LUMO of the donor material, and the hole jumps from the HOMO of the donor
material to the LUMO of the acceptor material (Error! Reference source not found.)

Figure 1.3 Alignment of energy levels in an OPV device. The electron is promoted from
the HOMO of the donor to the LUMO of the donor, then is extracted to the LUMO of the
acceptor, where it is then transported to the cathode through the acceptor phase of the
active layer. The hole then is transported to the anode through the donor phase of the
active layer. Adapted from Facchetti et al.7
The electron and hole are then transported to their respective electrodes, resulting
in the generation of current.9 Maximization of power conversion efficiencies (PCEs) of
solar cells lies in judicious matching of the HOMO and LUMO levels of the donor and
acceptor species, the hole mobility of the donor and the electron mobility of the acceptor,
and the size, crystallinity, and orientation of the microphase separated domains in the
bulk heterojunction.
The most common architecture for polymer solar cells includes a glass substrate
patterned with a hole-collecting indium-tin oxide (ITO) layer as the anode, onto which an
5

aqueous dispersion of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) is spin cast to aid in hole transport. A solution of the active layer is spin
cast on top of the PEDOT:PSS layer after which an electron transport layer (Ca, LiF, etc)
can be deposited. Finally, aluminum is then vacuum deposited to serve as the electron
accepting cathode.

Figure 1.4 Model current-voltage (I-V) curve of an OPV device. Adapted from Figure 3,
Chason et al.10
When characterizing the performance of OPV cells, many criteria are measured
(Figure 4); the open-circuit voltage (Voc), short circuit current (Isc), fill factor (FF), and
power conversion efficiency (PCE) are the major parameters reported. Voc is the voltage
across the cell when there is no current flowing through the cell, and Isc is the current
flowing through the cell at zero voltage. Commonly, the short circuit current is
normalized to the area of the active layer of the cell, reported as the short circuit current
density, Jsc, generally reported in units of mA/cm2. The fill factor is the ratio between the
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theoretical maximum power that the cell could produce (the product of Voc and Isc) and
the actual output power. The power conversion efficiency is a ratio of the actual output
power to the input power. Ideally, an OPV cell will possess high values for all of these
parameters. A model I-V trace is presented in Error! Reference source not found..
1.4 Polymer Donor Materials

Figure 1.5 Molecular orbital theory showing tunability of polymer HOMO and LUMO
through selection of donor and acceptor monomers. Adapted from Figure 4, Lu et al.11
The primary focus of the development of new materials for use in polymeric solar
cells lies in synthesis of novel donor polymers and using PCBM as the electron accepting
material.12-13 Some of the first polymers utilized as donors in this paradigm were
poly(phenylene-vinylenes) (PPV) and polythiophenes, most notably poly(3-hexyl
thiophene) (P3HT). The most recent approaches rely on alternating units of electron rich
and electron poor monomers, called “donor-acceptor” (D-A) or “push-pull” copolymers.
These polymers are typically synthesized through palladium-catalyzed polycondensation
reactions using a dihalogenated monomer and either a bis(trialkylstannyl) monomer in
7

the Stille coupling or a bis(boronic ester or acid) monomer in the Suzuki coupling.14 The
electron-rich donor moiety and electron-poor moiety lend their HOMO and LUMO
energy levels, respectively, to the resulting donor-acceptor copolymer (Error! Reference
source not found.). There are myriad approaches taken in this regard with the vast
library of light-absorbing molecules and conjugated polymers available to polymer
chemists to tune the band gap and electronic properties of novel materials. A few of the
most common materials used in these novel polymers are fluorene and fluorene
derivatives, thiophene, diketopyrrolopyrrole, benzodithiophene, and benzothiadiazole,
structures of which are shown in Error! Reference source not found.. One of the
highest performing published donor-acceptor copolymer used as a donor material, PTB7,
is comprised of a benzodithiophene unit and thienothiophene unit,12, 15 which, when
blended with PC71BM, results in photovoltaic devices with efficiencies greater than 7%.
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Figure 1.6 Selected donor and acceptor monomers widely used in donor-acceptor
copolymers that act as the donor material in polymer OPVs. Adapted from Figure 5, Lu
et al.11
Copolymers have been synthesized and incorporated into OPV polymer blends in
an attempt to increase efficiencies by inducing supramolecular ordering and phase
separation. Many approaches have been taken such as rod-rod copolymers of P3HT-coP3EHT,16 rod-rod block copolymers tethered together by an aliphatic bridge in an attempt
to direct supramolecular assembly,17 and rod-coil block copolymers with P3HT blocks
covalently linked to a soft segment like polystyrene or polyacrylate.18-21 The electron
accepting species, usually a fullerene or perylene bisimide, is tethered to the soft
segments in an attempt to induce ordering and microphase separation. These approaches
have limited results due to the additional insulating material introduced into the active
layer in the aliphatic backbones of these polymers.
9

1.5 Acceptor Materials
Overwhelmingly in the literature, PCBM is the electron accepting material of
choice in polymer OPVs due to its high electron mobility and good match to the HOMO
and LUMO levels of P3HT (Figure 1.7, left).13, 22 Two fullerene-based acceptor materials
are shown in Error! Reference source not found.. There are disadvantages to the use of
PCBM, however. It is very expensive to produce, which may be a hindrance to the mass
marketability of the polymer/fullerene plastic solar cell. Also, its spectral coverage is
quite poor, only absorbing light in a fairly narrow band in the blue region of the visible
spectrum. Its processing properties also tend to be problematic, with it tending to
aggregate into domains much larger than the optimal 10 nm exciton diffusion length. This
leads to exciton recombination and collapse, reducing the cell’s efficiency and is often
cited in the literature as a reason for limited efficiencies of bulk heterojunction cells
prepared using PCBM. Other functionalities have been employed on the fullerene cage to
alter its electronic and solubility properties like PCBM with a 70-carbon fullerene cage
(PC71BM), bis-PCBM23 with an additional phenyl butyric acid moiety, and ICBA
(indene-C60-bisadduct).24

10

Figure 1.7 Selected fullerene-based acceptor materials for polymer OPVs.
Novel acceptor materials have been used as a replacement for PCBM, with some
yielding greater success than others. Many approaches have been taken including cyanopolyphenylenevinylene, phthalocyanine dyes, and oligothiophene-S,S- dioxide based
materials.26 Liu et al. fabricated OPV cells using poly(3-octyl thiophene) (P3OT) as the
donor and graphene as the acceptor material.27 Graphene oxide was functionalized with
phenyl isocyanate to yield a graphene structure soluble in organic solvents. Graphene and
P3OT were blended in 1,2-dichlorobenzene, and solutions were spin cast in the typical
OPV architecture. This system gave a respectable 1.4% PCE showing that solubilized
graphene, a planar conjugated carbon system (as compared to PCBM’s spherical
geometry), can be used as an electron accepting material in OPV cells.
Recent advances in non-fullerene acceptor (NFA) materials have pushed the PCEs
of NFA-containing devices higher. These non-fullerene acceptors can be either small
molecules or polymeric in nature, exhibit greater light absorption than PCBM, and their
solubilities and structures are much more tunable than the fullerene derivatives. A nonfullerene acceptor called ITIC has shown promise to exhibit these desirable properties by
11

increasing the PCEs of NFA-containing systems.28 Other small molecule NFAs are based
on various n-type molecules including naphthalene bisimide and perylene bisimide
(Error! Reference source not found.), which have great tunability and light absorption
abilities and can be modified in a variety of ways.29 Proper matching of the NFA with an
appropriate donor polymer yields devices that regularly eclipse 8% efficiency. A
polymeric NFA of note is N2200, a copolymer of naphthalene bisimide and thiophene,
providing all-polymer solar cells with efficiencies of 4.7%, a record at the time.30

Figure 1.8 Selection of perylene bisimide and naphthalene bisimide-based small molecule
non-fullerene based acceptors for polymer OPVs. Adapted from Figure 10, Chen et al.29

1.6 Morphology Control
In addition to material selection, morphology control is paramount in OPV
construction as well. In order to promote efficient exciton separation, the phase-separated
domains of the donor and acceptor materials in the BHJ must optimally be around 10 –
20 nm, the exciton diffusion length. The casting solvent can have a large effect on the
12

eventual morphology of the blend due to the solubilities of the active layer components in
the blend as well as the boiling point and evaporation rate of the solvent. Lower-boiling
solvents like chloroform evaporate quickly trapping the domains in a high-energy state,
while higher-boiling solvents like dichlorobenzene evaporate more slowly allowing
chains to rearrange and come to lower-energy states. Even with high-boiling casting
solvents, the resulting morphologies are metastable and subject to decay over time, with
both components crystallizing into domains that are too large for efficient charge
separation.
Introduction of a cosolvent in the polymer solution to be spin cast can enhance
these properties as well. Addition of three percent by volume of diiodooctane (DIO) to
dichlorobenzene for casting BHJ active layers shows marked increases in crystallinity
and power conversion efficiencies, as seen in the report of the PTB series.12 Casting
PTB7 with PC71BM and the cosolvent system increased the PCE by nearly one
percentage point,15 and TEM imaging shows a greatly decreased domain size when using
the cosolvent system. Similarly, a copolymer of benzodithiophene, thiophene, and
benzothiadiazole was cast with PC71BM from dichlorobenzene with and without
diiodooctane (DIO).31 Addition of three percent by volume diiodooctane more than
doubled the power conversion efficiency from 3.35% to 7.40%.
Exposure to solvents with differential solubilities is another way to tune the
morphology of the active layer blend. Direct treatment of the freshly spin-coated active
layer with short chain alcohols serves to promote good morphology by interactions with
the polymer chains as well as removing any high-boiling additives like DIO. Solvent
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vapor annealing is another approach that utilizes exposure to a saturated atmosphere with
the desired solvent with no direct contact with the active layer.
In addition to solvent additives, certain nanoparticles have been shown to perform
as photo-active components in the photo-active layer, as well as photo-inactive
morphological additives. Carbon nanotubes were added to a P3HT:PCBM active layer,
and the PCE of the cells increased due to increased short circuit current.32 Silver
nanowires33 or gold nanoparticles34 were incorporated into the active layer and in certain
cases increased the PCEs of devices. Previous work in our laboratory shows that addition
of a nanostructuring agent, polyhedral oligomeric silsesquioxane (POSS), helps to
enhance ordering of the donor and acceptor domains in air-processed P3HT/PCBM OPV
cells, leading to increased power conversion efficiencies with select corona groups on the
POSS molecule.35 Octaphenyl POSS, for example, gave a 20% increase in efficiency
when blended with P3HT and PCBM at 1 wt%. AFM imaging shows nanocrystalline
ordering on the order of the length scale of exciton diffusion, to which the increased
efficiencies of the cells was attributed.

1.7 Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS)
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Figure 1.9 Typical grazing incidence x-ray scattering experimental geometry and
conventions.36
In addition to the size of the phase-separated domains, the orientation and
crystallinity of the P3HT crystals in the active layer determine the hole mobility,
morphology, and ultimate performance of the photovoltaic device. A straightforward
method to fully characterize the crystallinity and morphology of the active layer blend is
grazing incidence wide-angle x-ray scattering (GIWAXS), which can probe the entirety
of the ~100 nm films employed in polymer OPV devices. The scattering vector q is
defined as
𝑞=

4𝜋 𝑠𝑖𝑛( 𝜃)
𝜆

(1)

where 2θ is the angle between the x-ray beam and the detector, and λ is the wavelength of
the x-rays. As seen in Error! Reference source not found., X-ray photons (ki) are
directed at a grazing angle (αi ~0.1 °) at a thin film, P3HT:PCBM in the case explored
here, and the elastic scattering wavevector q is captured by an area detector and is defined
by its x, y, and z components as
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𝑞𝑥,𝑦,𝑧

2𝜋
=
[
𝜆

𝑐𝑜𝑠(𝛼𝑓 ) 𝑐𝑜𝑠( 2𝜃𝑓 ) − 𝑐𝑜𝑠( 𝛼𝑖 )
𝑐𝑜𝑠(𝛼𝑓 ) 𝑠𝑖𝑛( 2𝜃𝑓 )
]
𝑠𝑖𝑛( 𝛼𝑓 ) + 𝑠𝑖𝑛( 𝛼𝑖 )

(2)

The scattered x-rays are captured in pixels on the area detector, and the raw
images are converted to q-space, with qx constant, and qy and qz on the x- and y-axes,
respectively, through processing with software like GIXSGUI.37 The images must then be
corrected for the curvature of the Ewald Sphere, and qx and qy must be combined into qr
via
𝑞𝑟 = √𝑞𝑥 2 + 𝑞𝑦 2

(3)

which is then plotted on the x-axis, with qz on the y-axis.
The position, full width at half maximum (FWHM), and radial broadness of the
scattering peak can, through manipulation, reveal structural parameters of the crystallites
in the thin films. The lamellar stacking distance (d) can be calculated using Bragg’s Law
and the position of the scattering peak:
𝑑=

2𝜋
𝑞

(4)

The coherence length of the P3HT crystallites can be calculated using the Scherrer
equation modified for area detectors38 and the broadness of the lamellar reflection:
𝐷ℎ𝑘𝑙 =

2𝜋𝐾
∆𝑞ℎ𝑘𝑙

(5)

where Dhkl is the coherence length, K is the geometry-dependent constant (0.866 for
lamellae), and Δqhkl is the width of the diffraction spot in the qz direction corrected for the
instrumental resolution. The radial broadness of the diffraction spot shows the
distribution of orientations in the polymer:fullerene thin film (Error! Reference source
16

not found.). Intensity of the reflection can be plotted versus the radial angle resulting in a
partial pole figure, which gives an indication of the connectivity between the crystalline
domains in three-dimensional space.

Figure 1.10 Example diffraction patterns (left) from differing crystallite orientations of
P3HT crystallites (right) in polymer OPV thin films. Randomly oriented crystallites
produce a halo (left), oriented films with broad orientation distributions produce an arc
(center), and highly ordered films produce a spot (right). Adapted from Figure 5,
Delongchamp et al.39

1.8 Motivation and Goal of Research
Polymer photovoltaics have undergone immense development since their
inception, and the power conversion efficiencies of some laboratory-scale devices have
only recently eclipsed the 10% efficiency threshold for commercialization. There is still
much room for development of new materials with better optical and electronic properties
as well as the processing of already-reported systems to fine-tune the morphology of the
bulk heterojunction active layer blend. The need for new, wider absorbing materials as
well as fundamental understanding of the mechanisms that drive phase separation and
eventual morphologies of the active layers are the factors underlying this research.
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1.8.1 Project Objectives
1. The first objective is to elucidate the mechanism by which tandem solvent vapor
annealing and thermal annealing influence eventual morphologies of
P3HT:PCBM blends as well as device performance, with specific attention to hole
mobility and power conversion efficiency.
2. The second objective is to synthesize a series of light-absorbing POSS conjugates
and incorporate them into P3HT:PCBM active layer devices to determine the
effects of nanoparticle structure on morphology, light absorption, and device
performance.
3. The third objective is to synthesize a series of donor-acceptor copolymers to act
as the donor material in a polymer:fullerene OPV device, and determine the effect
of copolymer structure on active layer morphology, light absorption, and device
performance.
4. The fourth objective is to synthesize a series of non-fullerene acceptor molecules
which possess increased light absorption and air stability in comparison to
fullerenes. This objective will explore alternate synthetic routes to the target
compounds, determine the effect of differential solubility imparted through Rgroup modification on a series of triply-linked perylene bisimide dimers, and
evaluate performance in polymer photovoltaic devices.
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CHAPTER II – THREE-DIMENSIONAL MORPHOLOGY CONTROL YIELDING
ENHANCED HOLE MOBILITY IN AIR-PROCESSED ORGANIC
PHOTOVOLTAICS: DEMONSTRATION WITH GRAZING-INCIDENCE WIDEANGLE X-RAY SCATTERING
2.1 Introduction
Polymer photovoltaics are of interest because of their potential to be mass
produced on flexible substrates with low cost and high processability.1-2 While a number
of new donor and acceptor bulk systems have been demonstrated under controlled
laboratory conditions with higher power conversion efficiencies (PCE),3-4 the poly(3hexylthiophene-2,5-diyl) (P3HT)/phenyl-C61-butyric acid methyl ester (PCBM) platform
remains the standard for research on the fundamental mechanisms of polymer
photovoltaics and the development of advanced processing methodologies,5-6 where
P3HT-based OPVs approach the performance of some high-performance donor
polymers.7 When subjected to large scale manufacturing processes, like roll-to-roll
production, P3HT-based OPVs better maintain their efficiencies than high performance
donor polymers.8 Processing methods like solvent vapor annealing that can be easily
scaled up to facilitate devices fabricated in this manner are therefore desirable.
Typically, devices are prepared by spin casting from solution, which produces a
thin film with interpenetrating phase-separated domains of the donor and acceptor (bulk
heterojunction (BHJ) architecture). These as-cast devices generally exhibit poor
performance and require subsequent annealing steps using solvent vapor or thermal
annealing to improve their power conversion efficiencies. Thermal annealing (TA) is the
most commonly used method to increase efficiency in P3HT:PCBM devices.1, 9 The
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improvement is attributed to the increase in P3HT crystallinity as well as the coalescence
of PCBM into domains on the order of the exciton diffusion length.10-11 Other factors that
contribute to the increase in performance are the larger crystalline grain size and better ππ stacking, greater contact between the grains, and an increase in the number of pathways
available for the positive charge carriers to follow to the anode. The agglomeration of
PCBM also creates more pathways for electrons to travel to the cathode.12 Charge carrier
mobility is directly related to power conversion efficiency (PCE), but because of
PCBM’s much higher inherent electron mobility than P3HT’s hole mobility, there is a
mismatch in the capability of the materials to transport their respective charges, which
limits ultimate performance. Reducing this gap in mobility has been shown to increase
the PCE.13 It is likely that an increase in the hole mobility of P3HT through
morphological manipulation will serve to reduce the difference between the electron and
hole mobilities and boost the PCE of P3HT:PCBM polymer photovoltaics.
Solvent vapor annealing (SVA) is another treatment that has been utilized to
manipulate the morphology of polymer-fullerene BHJ films after spin casting.9, 14-15 In
contrast to the use of co-solvents or solvents with varied evaporation rates during the
casting process, SVA subjects the dried film only to solvent vapor, and no liquid phase
contacts the molecules. This is in contrast to previous studies on high-performance
systems, where treatment of the active layer with an alcohol rinse serves to improve the
efficiency through both morphological manipulation and removal of solvent additives
from the active layer.16 Previous studies have focused primarily on the effects of good
solvents, like chloroform and dichlorobenzene, which have been reported to increase the
crystallinity of the P3HT phase, and longer term exposure to good solvents was reported
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to degrade morphology and performance of the blends.17-18 Fewer studies have evaluated
orthogonal solvents, like short chain alcohols that do not dissolve the components of the
active layer blend, for use in SVA.19
Despite the vast amount of literature on the individual methods, few reports of the
synergistic effects of SVA and TA when used together have appeared .20 We previously
reported that vapor annealing with an orthogonal solvent to dichlorobenzene,
isopropanol, in combination with TA leads to improved power conversion efficiencies.19,
21

The mechanism of this synergistic effect, however, has not been established, nor has

the effect of solvent quality been defined. This study seeks to establish the relationship
between solvent/polymer miscibility by evaluation of a good solvent (dichlorobenzene)
versus a poor solvent (isopropanol), morphology of the phase separated domains, and
power conversion efficiency through hole mobility measurements. The molecular origins
of the morphologies afforded by SVA and TA are evaluated using grazing incidence
wide-angle x-ray scattering (GIWAXS) in combination with AFM and UV-vis
spectroscopy.

2.2 Experimental
2.2.1 Materials
Molybdenum oxide (MoO3) was purchased from Sigma Aldrich and used as
received. All other materials were obtained and processed as described in our previous
report.19
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2.2.2 Sample Preparation
2.2.2.1 For spectroscopic and microscopic analysis (without cathode layer):
The photoactive P3HT:PCBM blend (ratio 1:0.6) was prepared in DCB (25 mg/ml) in an
amber vial. This ratio was chosen because previous studies in our laboratories showed that
it gave optimal PCE in air-processed devices. Samples were prepared on unpatterned ITO
glass according to our previously reported procedure19 and were further studied by AFM,
UV-vis spectroscopy, and GIWAXS. Sample fabrication was conducted entirely in air,
with the exception of the annealing steps.
2.2.2.2 Solar cells for analysis of power conversion efficiency (with 100 nm coating
of aluminum to form the cathode):
The devices for performance measurements were prepared on patterned ITO glass
using the same process as that described for films without the cathode layer until the
thermal annealing step. Prior to thermal annealing, a 100 nm thick layer of Al (cathode)
was evaporated on top of the active layer through a shadow mask as described in our
previous report.19 The performance parameters of open circuit voltage (Voc), short circuit
current density (Jsc), fill factor (FF), and power conversion efficiency (PCE) were
calculated from the J-V curves.
2.2.2.3 Carrier Mobility Measurement:
Single carrier devices were fabricated in air on patterned ITO glass, as above, to
measure the hole mobility using the space charge limited current (SCLC) method.22-23 The
structure of hole-only devices was ITO/PEDOT:PSS/active layer/MoO3/Al.24 For this
study, the same device manufacturing protocol was followed as above in air, but the
devices were transferred to an Angstrom Engineering vacuum thermal evaporation system
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in a nitrogen-filled Innovative Technologies glovebox for thermal deposition of a 10 nm
thick MoO3 layer at a slow deposition rate of 0.5 A s-1 prior to the deposition of the 100 nm
thick Al cathode layer. The mobility was determined using Equation 1, where the dark
current is fitted to the model of a single carrier SCLC:
V 2 
9
J   0 r   3 
8
L 

(6)

where J is the current density, 0 is the vacuum permittivity, r is the dielectric constant of
the transport material (r is 3 for P3HT 25 and 3.9 for PCBM26),  is the drift mobility of
each charge carrier, V is the effective applied voltage, and L is the thickness of the active
layer. The charge mobility can be calculated from the slope of the J1/2 vs V curves.27 The
film thicknesses used in the SCLC fits were measured using AFM scratch testing. The
J1/2-V characteristics were corrected for the built-in voltage, Vbi, that arises from the work
function difference between the contacts. Hole mobilities were calculated from the slopes
of the J1/2 vs(V-Vbi) curves according to Equation 1. When the applied voltage is greater
than Vbi, J scales quadratically with voltage, and thus the slope of the equation provides a
good estimate of the mobility.28
2.2.3 Analytical Techniques
AFM studies were conducted on a Dimension ICON scanning probe microscope
from Bruker. A silicon probe from Bruker (OTESPA) with nominal spring constant of 43
N/m and resonance frequency of 300 kHz was employed. Derajaguin-Mueller-Toporov
(DMT) modulus, image processing, and nanomechanical mapping images were obtained
usingNanoscope Analysis 1.40 software, Peakforce QNM air mode using Nanoscope 8
software, and probe calibration as described previously.19
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Kelvin probe force microscopy (KPFM) was utilized to measure the contact surface
potential difference (CSPD) of the films. Images were acquired in frequency modulation
mode in air,29-30 using a probe from Bruker (SCM-PIT) with a thin platinum/iridium front
side coating. The nominal spring constant of the probe was 2.8 N/m, and the tip radius was
20 nm.
UV-vis spectra were obtained using a Perkin-Elmer Lambda 35 UV/Vis
spectrophotometer. Spectral normalization was carried out at 700 nm, where there is
negligible absorption by the blend components. It was chosen to identify the effect of
each component (P3HT and PCBM) independent of the other. AFM imaging was
performed on the same day to avoid the detrimental effects of changing ambient
conditions.
GIWAXS measurements were performed at the Advanced Photon Source (APS)
at Argonne National Laboratory at beamline 8-ID-E31 with a beam energy of 10.82 keV
(0.11459 nm) and incident angle of 0.14 degrees. The samples were probed under
vacuum and the scattering intensity was detected on a 2D Pilatus 1MF pixel array
detector with a pixel size of 172 µm (981 × 1043 pixels), placed 228.165 mm from the
sample center. Resolution of the instrument at the q-ranges of interest is 0.01 Å at q ≈
0.38 Å-1 and 0.03 Å at q ≈ 1.6 Å-1. Data analysis was performed using the software
package GIXSGUI.32
A Keithley 2400 source unit was utilized to obtain current-voltage (J-V)
measurements as described in our previous report. 19
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2.3 Results and Discussion
2.3.1 Power Conversion Efficiency and Hole Mobility
Table 2.1 Performance characteristics of devices with differing annealing environments.
Performance generally increases in the order of DCB < air < IPA.
SVA
Environment

Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

μh (10-5
cm2/Vs)

DCB

0.602 ± 0.016

6.22 ± 0.49

26.3 ± 1.2

0.99 ± 0.11

3.93 ± 1.30

AIR

0.542 ± 0.002

7.11 ± 0.27

35.5 ± 0.6

1.37 ± 0.05

4.78 ± 0.44

IPA

0.571 ± 0.005

7.56 ± 0.24

54.3 ± 3.2

2.35 ± 0.18

8.25 ± 1.74

Figure 2.1 Light J-V curves of SVATA devices. IPA annealing increases the fill factor
and PCE as compared to air annealing. DCB annealing decreased Jsc, fill factor and PCE.
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Representative current density-voltage plots of the OPV devices prepared in
different solvent vapor annealing conditions are shown in Figure 2.1, and performance
parameters are summarized in Table 2.1. The differences in efficiencies were attributed to
the solvation characteristics of the solvent, because the good solvent (DCB) decreased
performance while the poor solvent (IPA) enhanced performance relative to the air
standard. Both P3HT and PCBM have high solubilities in DCB; therefore, during SVA
they were solvated for an extended period of time, which resulted in morphology
coarsening and the creation of charge traps.33 Reductions in the short-circuit current
density and in the fill factor were the main drivers for the reduction in efficiency. IPA
annealing increased the fill factor to 54.3% from 35.5% for the air-annealed device and
the power conversion efficiency from to 2.35% from 1.37%, an increase of over 70%.
IPA vapors preferentially interact with the hexyl chains of P3HT and do not solvate the
polythiophene backbone. This interaction effectively pushes the π-conjugated faces of
P3HT together and facilitates more efficient charge transfer. We observed similar
improvements in efficiency for IPA vapor annealed devices prepared with higher PCBM
ratios.21
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Figure 2.2 Dark J–V characteristics of hole single-carrier devices made in different SVA
environments. Enhanced hole mobility is observed in IPA annealed samples.

Solvent vapor type affected the hole mobility of P3HT in the blend, seen in Figure
2.2. IPA increased the mobility to 1.7 times that of the air-annealed control, and 2.1 times
that of the DCB-annealed blend. No statistically significant difference was observed
between the air- and DCB-annealed films (Table 2.1). The improvements observed in the
IPA system were attributed to the orthogonal nature of the solvent, as stated for the PCE.
The fast diffusivity of the low boiling solvent through the polymer chains ensures high
penetration, and caused the polymers to pack closely to minimize the contact area with
the poor solvent IPA, thereby enhancing P3HT crystallinity.
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2.3.2 Grazing Incidence Wide Angle X-ray Scattering

Figure 2.3 Main stacking modes of P3HT, edge-on (left) and face-on (right) "Out-ofplane" and "in-plane" refer to the plane of the substrate. Out-of-plane features are
observed along qz, and in-plane features along qr.

GIWAXS allows determination of the extent of crystallinity and orientation of
crystallites. Features that arise out of the plane of the substrate are evident along qz while
those in the plane of the substrate are evident along qr, a schematic of which is presented
in Figure 2.3. The predominant orientation of P3HT chains in spin-cast thin films is the
“edge-on” orientation, with the π-stacking direction parallel to the substrate.32 The “face-
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on” configuration is in the minority, with many fewer chains oriented with the π-faces in
contact with the substrate, and the π-stacking direction is perpendicular to the substrate.

Figure 2.4 GIWAXS diffraction patterns of P3HT:PCBM blend films subjected to varied
annealing conditions. IPA SVATA samples show increased coherence lengths of the
lamellar (100) feature, as well as greater paracrystalline disorder, which leads to freer
paths for holes to follow to the anode. The diffraction spot at q ≈ 1.7 Å-1 is attributed to
the ITO substrate.
GIWAXS patterns of all films are shown in Figure 2.4. In the out-of-plane
direction (along qz) diffraction spots at q values of 0.38, 0.75, and 1.12 Å-1 correspond to
the (100), (200), and (300) reflections, respectively. Out-of-plane (face-on) (010)
stacking is evident at q ≈ 1.6 Å-1 along qz, with in-plane (edge-on) (010) stacking along
qr. Diffraction from PCBM is evident as a halo centered at q ≈ 1.4 Å-1. All solely solvent
vapor annealed films showed disorder through the halo of the (010) reflection, indicating
the presence of both face-on and edge-on stacking in the films. Upon thermal annealing,
the face-on stacking in the air-annealed films was lost, due to reorientation of the P3HT
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lamellae to the lower energy edge-on stacking mode.12 In the solvent-vapor annealed
films, however, this reorientation did not occur. DCB-annealed films showed no change,
while IPA-annealed films showed an increase in intensity of the (010) halo on thermal
annealing. Solvent vapor annealing appears to lock in the face-on orientation, perhaps
through modification of the interface between the PEDOT:PSS layer and the active layer,
which has a positive effect on charge transfer.

Figure 2.5 Partial pole figure of the (100) reflection, where 0° is along qz at qr = 0,
following counterclockwise to -90° along qr at qz = 0, in films subjected to solvent vapor
plus thermal annealing. IPA annealing increases the paracrystalline disorder relative to air
and DCB annealing, providing enhanced pathways for hole transport to the anode.

The radial broadness of the (100) spots provides information about the degree of
paracrystalline disorder in the films. A broader spot indicates a wider angular distribution
of P3HT lamellae throughout the film, which increases P3HT domain continuity and
enhances pathways for hole transport to the anode.34 Figure 2.5 shows the partial pole
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figure of the (100) reflections in the SVATA films. The radial broadness of the (100)
reflection was narrowest for the air-annealed film, due to the reorientation of the lamellae
on thermal annealing. IPA-annealing yielded the broadest reflection in the radial
direction, indicating enhancement of the hole’s path to the anode.
Conduction is enhanced when the π-faces are in contact with one another for all
orientations; faster charge transport occurs parallel to the substrate if there is a large
amount of the edge-on orientation, as seen in P3HT-based OFETs.35 Charges move more
easily through crystalline than amorphous P3HT, and increasing the coherence length of
the crystalline lamellae reduces the amorphous content, which again serves to increase
performance. With the face-on orientation, there is fast charge transport perpendicular to
the substrate,21, 36 and if the faces are in contact with the substrate, there is faster charge
transfer there as well. This leads to more efficient charge separation, which increases the
hole mobility and ultimately the power conversion efficiency of the device. Solvent vapor
annealing, thus, is a facile way to promote and maintain a three-dimensional
interconnected morphology in the P3HT:PCBM system.

Table 2.2 Coherence lengths of the (100) lamellar features calculated from the FWHMs
of the respective (100) peaks at q ≈ 0.38 Å-1.

DCB

Out-of-Plane (edge-on)
Layer Coherence Length (Å)
SVA
SVATA
97.52
132.06

In-Plane (face-on)
Layer Coherence Length (Å)
SVA
SVATA
65.85
88.67

AIR

110.75

138.11

77.42

71.52

IPA

103.68

148.29

79.98

105.56
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Coherence lengths of the (100) feature were calculated from the FWHM of the
(100) spot and Scherrer’s equation with a correction for the experimental resolution
according to Smilgies (Table 2.2).37 Thermal annealing of the films increased the
coherence length in each condition, except for the in-plane air SVATA film. The greatest
increase in coherence length in the out-of-plane direction was observed in the IPAannealed films, increasing 43% from SVA to SVATA, indicating larger crystalline
domains in the IPA films. The order (DCB < air < IPA) from lowest to highest coherence
length followed the trend in the hole mobility study. Longer coherence lengths of the
crystalline P3HT lamellae lead to faster and more efficient charge transport. Thus the
increased coherence length for IPA-annealed films coupled with the increase in the
paracrystalline disorder observed in the partial pole figure help to explain the higher PCE
observed for this system. The lower coherence length exhibited in the DCB-annealed
films is attributed to the high solvating power of this solvent, which allows the polymer
chains to remain in more unfavorable conformations upon drying and disrupts π-π
interactions of crystallites formed in solution.
Table 2.3 Layer spacings of the P3HT (100) lamellae, calculated using Bragg's Law and
the position of the (100) lamellar feature at q ≈ 0.38 Å-1.

DCB

Out-of-Plane
Layer Spacing (Å)
SVA
SVATA
15.84
16.16

In-Plane
Layer Spacing (Å)
SVA
SVATA
16.38
16.60

AIR

16.08

16.82

16.56

16.57

IPA

15.89

16.18

16.49

16.57
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Layer spacings of the P3HT lamellae are shown in Table 2.3. In general, the air
annealed samples show larger d spacings than those annealed with solvent, particularly in
the out-of-plane direction. Thermal annealing increases the layer spacing for all samples,
and there is very little difference in the values for the DCB and IPA-annealed samples.
The increase in layer spacing upon thermal annealing in the out-of-plane directions
indicates an extension of the hexyl side chains, resulting in a greater distance between the
polymer backbones. We suggest that the smaller spacings observed for the solventannealed samples are the result of solvent-induced contraction of side chains, which
occurs regardless of solvent type and persists through thermal annealing.
In the in-plane (face-on stacking) direction, the SVA layer spacings for all three
samples were larger than that of the out-of-plane. This is attributed to the face-on
orientation of the chains with respect to the substrate; because the P3HT chains are
confined to the interface, they must adopt a more spread-out conformation due to the
substrate interactions. Thermal annealing has a smaller effect on the d-spacings for all
annealing conditions (< 1% increase) than that observed in the out-of-plane direction.
This is also due to the confinement from the substrate—the polymers are already
extended, and cannot extend much further when thermally annealed.
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Table 2.4 Interchain π-π stacking distances of the P3HT phase in the out-of-plane and inplane directions, calculated from Bragg's Law and the position of the scattering peak at q
≈ 1.6 Å-1.
In-plane π-π stacking

Out-of-plane π-π

distance (Å)

stacking distance (Å)

SVA

SVATA

SVA

SVATA

DCB

3.82

3.80

3.77

3.77

AIR

3.84

3.79

3.79

3.78

IPA

3.83

3.79

3.78

3.74

The effects of solvent vapor and thermal annealing on the π-π stacking distance of
the P3HT chains are shown in Table 2.4. The effects are quite small, and only a few are
detectable within the resolution of the instrument at this q range, though Szarko et al.
found that decreases in the π-π stacking distance on the order of those seen here led to an
increase in fill factor and power conversion efficiency.38 In the in-plane direction, no
effect was observed as a function of solvent, and thermal annealing reduced the π-π
stacking distance to the same length for all systems. In the out-of-plane direction the
initial values are the same for all samples, and only the IPA sample shows a small
decrease in the π-π stacking distance after thermal annealing. The lack of change in the
out-of-plane, face-on π-π stacking distance on thermal annealing is attributed to

39

confinement of chains due to interactions with the substrate. The small decrease in the
IPA SVATA film allows more π-orbital overlap and faster, more efficient charge transfer.
In summary, the data extracted from the GIWAXS experiments show that the IPA solvent
vapor annealing followed by thermal annealing increased P3HT crystallite size,
decreased d-spacing (leading to more intimate packing of theP3HT chains), and
decreased the π-π stacking distance, in comparison to the control. These three aspects
combined led to the increase in PCE for the device, demonstrating that morphology
control and performance enhancement are achievable with a facile annealing step.

2.3.3 UV-Visible Spectroscopy

Figure 2.6 UV-Vis spectra of films with only solvent vapor annealing (left) and devices
with both solvent vapor and thermal annealing (right), showing increased absorbance
with IPA plus TA.

The UV-Vis absorption spectra of the blends (Fig. 2.6) show a peak at 335 nm
corresponding to the PCBM, while the other peaks (500–610 nm) represent the
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contribution of P3HT. There was no pronounced red-shift upon solvent and/or thermal
annealing, and the peak of PCBM remains unchanged. The vibronic inter-chain transition
at 610 nm indicates crystalline packing and those at 514 and 550 nm correspond to intrachain transitions,27, 39 with the IPA annealed film exhibiting the largest absorbance of the
three. This was enhanced further upon thermal annealing. The control film shows the
lowest absorption, reaffirming the understanding that these annealing environments (both
DCB and IPA) improve the π-π packing of the donor polymer compared to the control.
Also, depletion of PCBM from the mixed phase during conversion of amorphous P3HT
into crystalline packs enhances the absorption profiles of the respective polymers.
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2.3.4 Atomic Force Microscopy

Figure 2.7 AFM DMT modulus images of P3HT:PCBM films subjected to varied
annealing conditions show highest crystallinity and most regular phase separation for
IPA/TA samples.

AFM DMT modulus mapping images of the varied annealing treatments are
shown in Figure 2.7, with the bright color representing the harder PCBM domains and the
darker color the P3HT domains. Films subjected to only solvent vapor annealing showed
a disordered morphology with weak phase separation, where the P3HT and PCBM
domains diffused into each other without marked boundaries. Clearer phase separation is
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observed in the thermally annealed samples. The IPA-TA sample exhibits fiber-like
oriented features, while the air and DCB-TA phase separated domains appear random.
The air- and DCB-annealed films display a webbed morphology and discrete phase
segregation, with average domain sizes of 28 nm and 23 nm, respectively. Roughness is
slightly higher for the air-annealed sample (air RMS5m = 5.0 nm, DCB RMS5m = 4.5
nm). Average domain size in the IPA-annealed film is 20 nm, closest to the exciton
diffusion length, and this sample exhibits the highest roughness (RMS5m = 5.5 nm),
which has been shown to correlate with higher PCE.40,41 We attribute the higher
performance of the IPA annealed films to the development of the striated morphology,
because IPA’s interactions with the active layer increase the coherence lengths of the
P3HT crystallites and lead to interconnected domains, which facilitate efficient charge
transfer. The morphologies afforded by these annealing treatments are metastable and are
subject to decay over time as seen in ours and other studies,21, 42-43 but we have
demonstrated that the PCE of IPA-treated devices can be recovered to up to 90% of its
original value upon a second thermal annealing step.21

43

Figure 2.8 Histogram of the contact surface potential difference values (from 0 to 1) from
the KPFM scans of the films with solvent vapor annealing only (top) and with solvent
vapor plus thermal annealing (bottom). IPA SVA provides a desired reduction in CSPD,
while DCB increases CSPD.
Figure 2.8 shows histograms of the CSPD values from the KPFM scans of the
blends prepared in different environments without (top) and with thermal annealing
(bottom). Smaller CSPDs imply higher surface potential and improved work function
match with the cathode.44 Shifts to lower CSPD values are observed with IPA SVA,
which are further decreased with IPA SVA-TA. The sample prepared in DCB, however,
shows undesirable shifts to higher CSPD. Shifts to lower CSPD, and hence higher work
functions, are attributed to increases in surface crystallinity and charge redistribution for
the IPA SVA-TA sample, which result in redistribution of free charge carriers along with
reduction in the energy barrier at the metal/polymer interface as a consequence of work
function enhancement.44-45
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Morphological analysis at each stage of the annealing process demonstrates the
IPA enhancement of phase separation to the desired domain size and continuity. CSPD
analysis confirms the improved work function obtained with IPA SVA. These findings,
together with GIWAXS results, demonstrate the potential to improve PCE through
morphological control afforded by a straightforward solvent annealing treatment.

2.4 Conclusions
Air-processed P3HT:PCBM polymer photovoltaic devices with increased hole
mobility were produced utilizing a tandem solvent vapor annealing-thermal annealing
treatment using a poor solvent, isopropanol, as the solvent vapor. Solvent vapor
annealing with a good solvent, on the other hand, did not affect the resultant hole
mobility of the P3HT in the active layer films compared to an air-annealed control. P3HT
and PCBM exhibit low contrast in regular electron microscopy and scattering techniques,
often limiting the understanding of the evolution of their morphology. High resolution
nanomechanical AFM mapping was employed to illustrate this contrast using the
differences in components’ stiffnesses, and GIWAXS analysis demonstrated that solvent
vapor annealing templated the active layer components and locked in the favorable
orientations of the P3HT chains, which were maintained through thermal annealing.
Annealing with isopropanol led to an increase in the coherence length of P3HT
crystallites due to orthogonality to the active layer film and provided quicker charge
transport to the anode, with concomitant improvement in PCE. Dichlorobenzene
annealing, on the other hand, decreased the final coherence lengths and P3HT
crystallinity due to the favorable polymer-solvent interactions, resulting in reduced PCE.
45

This study carefully followed the evolution of morphology through tandem solvent vapor
and thermal annealing, and these findings indicate the potential to employ solvent vapor
annealing techniques, which are readily adaptable to commercial processes such as rollto-roll printing, to produce stable, desired morphologies to improve OPV power
conversion efficiencies and stability. Thus, the efficacy of employing a non-halogenated
orthogonal solvent, IPA, for solvent vapor annealing was established mechanistically.
Controlled morphological features within exciton diffusion length scales, enhanced
absorbance, optimum crystal sizes, and improved charge carrier mobility resulted in
superior OPV devices for IPA annealed systems compared to their air or DCB
counterparts.

2.5 Acknowledgements
This work was supported in part by the Department of Education Graduate
Assistance in Areas of National Need (GAANN) Award # P200A120118, and by a
fellowship through the National Science Foundation NRT INTERFACE Award
#1449999 through the University of Southern Mississippi. This research used resources
of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science
User Facility operated for the DOE Office of Science by Argonne National Laboratory
under Contract No. DE-AC02-06CH11357. Special thanks should also be given to Dr.
Joseph Strzalka at the Advanced Photon Source for useful discussions and invaluable
assistance with GIWAXS instrumentation and data analysis.

46

2.6 References
1.

Dang, M. T.; Hirsch, L.; Wantz, G., P3HT: PCBM, Best Seller in Polymer

Photovoltaic Research. Adv. Mater. 2011, 23 (31), 3597-3602.
2.

Xue, J., Perspectives on Organic Photovoltaics. Polym. Rev. 2010, 50 (4), 411-

419.
3.

Zhang, Z.-G.; Wang, J., Structures and Properties of Conjugated Donor-Acceptor

Copolymers for Solar Cell Applications. J. Mater. Chem. 2012, 22 (10), 4178-4187.
4.

Kularatne, R. S.; Magurudeniya, H. D.; Sista, P.; Biewer, M. C.; Stefan, M. C.,

Donor–Acceptor Semiconducting Polymers for Organic Solar Cells. J. Polym. Sci., Part
A: Polym. Chem. 2013, 51 (4), 743-768.
5.

Kleinschmidt, A. T.; Root, S. E.; Lipomi, D. J., Poly(3-Hexylthiophene) (P3HT):

Fruit Fly or Outlier in Organic Solar Cell Research? J. Mater. Chem. A 2017.
6.

Nardes, A. M.; Ferguson, A. J.; Wolfer, P.; Gui, K.; Burn, P. L.; Meredith, P.;

Kopidakis, N., Free Carrier Generation in Organic Photovoltaic Bulk Heterojunctions of
Conjugated Polymers with Molecular Acceptors: Planar Versus Spherical Acceptors.
ChemPhysChem 2014, 15 (8), 1539-1549.
7.

Guo, X.; Cui, C.; Zhang, M.; Huo, L.; Huang, Y.; Hou, J.; Li, Y., High Efficiency

Polymer Solar Cells Based on Poly(3-Hexylthiophene)/Indene-C70 Bisadduct with
Solvent Additive. Energy Environ. Sci. 2012, 5 (7), 7943-7949.
8.

Bundgaard, E.; Livi, F.; Hagemann, O.; Carlé, J. E.; Helgesen, M.; Heckler, I. M.;

Zawacka, N. K.; Angmo, D.; Larsen-Olsen, T. T.; dos Reis Benatto, G. A.; Roth, B.;
Madsen, M. V.; Andersson, M. R.; Jørgensen, M.; Søndergaard, R. R.; Krebs, F. C.,
Polymer Solar Cells: Matrix Organization and Merit Factor Evaluation as a Method to
47

Address the Challenge of Finding a Polymer Material for Roll Coated Polymer Solar
Cells. Adv. Energy Mater. 2015, 5 (10), n/a-n/a.
9.

Brabec, C. J.; Gowrisanker, S.; Halls, J. J. M.; Laird, D.; Jia, S.; Williams, S. P.,

Polymer–Fullerene Bulk-Heterojunction Solar Cells. Adv. Mater. 2010, 22 (34), 38393856.
10.

Lilliu, S.; Agostinelli, T.; Pires, E.; Hampton, M.; Nelson, J.; Macdonald, J. E.,

Dynamics of Crystallization and Disorder During Annealing of P3HT/PCBM Bulk
Heterojunctions. Macromolecules 2011, 44 (8), 2725-2734.
11.

Kohn, P.; Rong, Z.; Scherer, K. H.; Sepe, A.; Sommer, M.; Müller-Buschbaum,

P.; Friend, R. H.; Steiner, U.; Hüttner, S., Crystallization-Induced 10-Nm Structure
Formation in P3HT/PCBM Blends. Macromolecules 2013, 46 (10), 4002-4013.
12.

Verploegen, E.; Mondal, R.; Bettinger, C. J.; Sok, S.; Toney, M. F.; Bao, Z.,

Effects of Thermal Annealing Upon the Morphology of Polymer–Fullerene Blends. Adv.
Funct. Mater. 2010, 20 (20), 3519-3529.
13.

Dennler, G.; Scharber, M. C.; Brabec, C. J., Polymer‐ Fullerene Bulk‐

Heterojunction Solar Cells. Adv. Mater. 2009, 21 (13), 1323-1338.
14.

Chen, H.; Hu, S.; Zang, H.; Hu, B.; Dadmun, M., Precise Structural Development

and Its Correlation to Function in Conjugated Polymer: Fullerene Thin Films by
Controlled Solvent Annealing. Adv. Funct. Mater. 2013, 23 (13), 1701-1710.
15.

Chen, H.; Hsiao, Y.-C.; Hu, B.; Dadmun, M., Control of Morphology and

Function of Low Band Gap Polymer-Bis-Fullerene Mixed Heterojunctions in Organic
Photovoltaics with Selective Solvent Vapor Annealing. J. Mater. Chem. A 2014, 2 (25),
9883-9890.
48

16.

Guo, S.; Cao, B.; Wang, W.; Moulin, J.-F.; Müller-Buschbaum, P., Effect of

Alcohol Treatment on the Performance of Ptb7:Pc71bm Bulk Heterojunction Solar Cells.
ACS Appl. Mater. Interfaces 2015, 7 (8), 4641-4649.
17.

Verploegen, E.; Miller, C. E.; Schmidt, K.; Bao, Z.; Toney, M. F., Manipulating

the Morphology of P3HT–PCBM Bulk Heterojunction Blends with Solvent Vapor
Annealing. Chem. Mater. 2012, 24 (20), 3923-3931.
18.

Wang, W.; Guo, S.; Herzig, E. M.; Sarkar, K.; Schindler, M.; Magerl, D.; Philipp,

M.; Perlich, J.; Muller-Buschbaum, P., Investigation of Morphological Degradation of
P3HT:PCBM Bulk Heterojunction Films Exposed to Long-Term Host Solvent Vapor. J.
Mater. Chem. A 2016, 4 (10), 3743-3753.
19.

Wu, Q.; Bhattacharya, M.; Morgan, S. E., Poss-Enhanced Phase Separation in

Air-Processed P3HT:PCBM Bulk Heterojunction Photovoltaic Systems. ACS Appl.
Mater. Interfaces 2013, 5 (13), 6136-6146.
20.

Zhao, Z.; Rice, L.; Efstathiadis, H.; Haldar, P., Thickness Dependent Effects of

Thermal Annealing and Solvent Vapor Treatment of Poly (3-Hexylthiophene) and
Fullerene Bulk Heterojunction Photovoltaics. MRS Proceedings 2008, 1123.
21.

Wu, Q.; Bhattacharya, M.; Moore, L. M. J.; Morgan, S. E., Air Processed

P3HT:PCBM Photovoltaic Cells: Morphology Correlation to Annealing, Degradation,
and Recovery. J. Polym. Sci., Part B: Polym. Phys. 2014, 52 (23), 1511-1520.
22.

Tamayo, A. B.; Walker, B.; Nguyen*, T.-Q., A Low Band Gap, Solution

Processable Oligothiophene with a Diketopyrrolopyrrole Core for Use in Organic Solar
Cells. J. Phys. Chem. C 2008, 112 (30), 11545-11551.

49

23.

Biniek, L.; Schroeder, B. C.; Nielsen, C. B.; McCulloch, I., Recent Advances in

High Mobility Donor–Acceptor Semiconducting Polymers. J. Mater. Chem. 2012, 22
(30), 14803-14813.
24.

Duan, C.; Zhang, K.; Guan, X.; Zhong, C.; Xie, H.; Huang, F.; Chen, J.; Peng, J.;

Cao, Y., Conjugated Zwitterionic Polyelectrolyte-Based Interface Modification Materials
for High Performance Polymer Optoelectronic Devices. Chem. Sci. 2013, 4 (3), 12981307.
25.

Szmytkowski, J., Analysis of the Image Force Effects on the Recombination at

the Donor–Acceptor Interface in Organic Bulk Heterojunction Solar Cells. Chem. Phys.
Lett. 2009, 470 (1), 123-125.
26.

Mihailetchi, V. D.; van Duren, J. K.; Blom, P. W.; Hummelen, J. C.; Janssen, R.

A.; Kroon, J. M.; Rispens, M. T.; Verhees, W. J. H.; Wienk, M. M., Electron Transport in
a Methanofullerene. Adv. Funct. Mater. 2003, 13 (1), 43-46.
27.

Mihailetchi, V. D.; Xie, H.; de Boer, B.; Koster, L. J. A.; Blom, P. W., Charge

Transport and Photocurrent Generation in Poly (3‐ Hexylthiophene): Methanofullerene
Bulk‐ Heterojunction Solar Cells. Adv. Funct. Mater. 2006, 16 (5), 699-708.
28.

Melzer, C.; Koop, E. J.; Mihailetchi, V. D.; Blom, P. W., Hole Transport in Poly

(Phenylene Vinylene)/Methanofullerene Bulk‐ Heterojunction Solar Cells. Adv. Funct.
Mater. 2004, 14 (9), 865-870.
29.

Glatzel, T.; Hoppe, H.; Sariciftci, N. S.; Lux-Steiner, M. C.; Komiyama, M.,

Kelvin Probe Force Microscopy Study of Conjugated Polymer/Fullerene Organic Solar
Cells. Jpn. J. Appl. Phys., Part 1 2005, 44 (7B), 5370.

50

30.

Li, C. M., Stephen; Hu, Yan; Ma, Ji; He, Jianli; Mittel, Henry; Kelly, Vinson;

Erina, Natalia; Guo, Senli; Mueller, Thomas Peakforce Kelvin Probe Force Microscopy,
Application Note #140 2013. (accessed June 6, 2017).
31.

Jiang, Z.; Li, X.; Strzalka, J.; Sprung, M.; Sun, T.; Sandy, A. R.; Narayanan, S.;

Lee, D. R.; Wang, J., The Dedicated High-Resolution Grazing-Incidence X-Ray
Scattering Beamline 8-Id-E at the Advanced Photon Source. J. Synchrotron Radiat. 2012,
19 (4), 627-636.
32.

Jiang, Z., Gixsgui: A Matlab Toolbox for Grazing-Incidence X-Ray Scattering

Data Visualization and Reduction, and Indexing of Buried Three-Dimensional Periodic
Nanostructured Films. J. Appl. Crystallogr. 2015, 48 (3), 917-926.
33.

Chang, L.; Lademann, H. W.; Bonekamp, J. B.; Meerholz, K.; Moulé, A. J.,

Effect of Trace Solvent on the Morphology of P3HT: PCBM Bulk Heterojunction Solar
Cells. Adv. Funct. Mater. 2011, 21 (10), 1779-1787.
34.

DeLongchamp, D. M.; Kline, R. J.; Fischer, D. A.; Richter, L. J.; Toney, M. F.,

Molecular Characterization of Organic Electronic Films. Adv. Mater. 2011, 23 (3), 319337.
35.

Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.; Bechgaard, K.;

Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; Herwig,
P.; de Leeuw, D. M., Two-Dimensional Charge Transport in Self-Organized, HighMobility Conjugated Polymers. Nature 1999, 401 (6754), 685-688.
36.

Gomez, E. D.; Barteau, K. P.; Wang, H.; Toney, M. F.; Loo, Y.-L., Correlating

the Scattered Intensities of P3HT and PCBM to the Current Densities of Polymer Solar
Cells. Chem. Commun. 2011, 47 (1), 436-438.
51

37.

Smilgies, D.-M., Scherrer Grain-Size Analysis Adapted to Grazing-Incidence

Scattering with Area Detectors. J. Appl. Crystallogr. 2009, 42 (Pt 6), 1030-1034.
38.

Szarko, J. M.; Guo, J.; Liang, Y.; Lee, B.; Rolczynski, B. S.; Strzalka, J.; Xu, T.;

Loser, S.; Marks, T. J.; Yu, L.; Chen, L. X., When Function Follows Form: Effects of
Donor Copolymer Side Chains on Film Morphology and Bhj Solar Cell Performance.
Adv. Mater. 2010, 22 (48), 5468-5472.
39.

Zhokhavets, U.; Erb, T.; Gobsch, G.; Al-Ibrahim, M.; Ambacher, O., Relation

between Absorption and Crystallinity of Poly (3-Hexylthiophene)/Fullerene Films for
Plastic Solar Cells. Chem. Phys. Lett. 2006, 418 (4), 347-350.
40.

Chen, F.-C.; Tseng, H.-C.; Ko, C.-J., Solvent Mixtures for Improving Device

Efficiency of Polymer Photovoltaic Devices. Appl. Phys. Lett. 2008, 92 (10), 103316103316-3.
41.

Yao, Y.; Hou, J.; Xu, Z.; Li, G.; Yang, Y., Effects of Solvent Mixtures on the

Nanoscale Phase Separation in Polymer Solar Cells. Adv. Funct. Mater. 2008, 18 (12),
1783-1789.
42.

Schaffer, C. J.; Palumbiny, C. M.; Niedermeier, M. A.; Burger, C.; Santoro, G.;

Roth, S. V.; Müller-Buschbaum, P., Morphological Degradation in Low Bandgap
Polymer Solar Cells – an in Operando Study. Adv. Energy Mater. 2016, 6 (19), 1600712n/a.
43.

Schaffer, C. J.; Palumbiny, C. M.; Niedermeier, M. A.; Jendrzejewski, C.;

Santoro, G.; Roth, S. V.; Müller-Buschbaum, P., A Direct Evidence of Morphological
Degradation on a Nanometer Scale in Polymer Solar Cells. Adv. Mater. 2013, 25 (46),
6760-6764.
52

44.

De Sio, A.; Madena, T.; Huber, R.; Parisi, J.; Neyshtadt, S.; Deschler, F.; Da

Como, E.; Esposito, S.; Von Hauff, E., Solvent Additives for Tuning the Photovoltaic
Properties of Polymer–Fullerene Solar Cells. Sol. Energy Mater. Sol. Cells 2011, 95 (12),
3536-3542.
45.

Zhou, H.; Zhang, Y.; Seifter, J.; Collins, S. D.; Luo, C.; Bazan, G. C.; Nguyen,

T.-Q.; Heeger, A. J., High-Efficiency Polymer Solar Cells Enhanced by Solvent
Treatment. Adv. Mater. 2013, 25 (11), 1646-1652.

53

CHAPTER III – PERYLENE BISIMIDE-TETHERED POSS DERIVATIVES FOR
DETERMINATION OF LIGHT ABSORPTION AND MORPHOLOGY CONTROL IN
P3HT:PCBM BLENDS
3.1 Introduction
Morphology control of the active layer in polymer photovoltaics is critical in
device fabrication in order to achieve desired performance. Multiple processes and
methods have been developed to tune the domain size of the donor and acceptor phases in
the active layer toward the 10 – 20 nm sizes desired for optimum exciton extraction.
Annealing methods, like thermal and solvent vapor annealing, have gained wide use in
promotion of these favorable morphologies. Metallic nanoadditives like gold
nanoparticles1 or silver nanowires2 have been incorporated into the active layer of
polymer photovoltaics in order to induce the desired morphology, as well as in interfacial
layers to improve charge transport and incorporate localized surface plasmon resonance
to enhance the electric field inside the device. Additionally, incorporation of a lightabsorbing small molecule, like perylene bisimides, in polymer/fullerene blends has been
shown to enhance the morphology of the active layer blend as well as act as an additional
light absorbing material that complements the absorption profile of the donor polymer.3-4
Hybrid organic-inorganic polyhedral oligomeric silsesquioxane (POSS) molecules
have been used as nanostructuring agents in our laboratories and were demonstrated to
increase PCE through morphology control in P3HT:PCBM-based devices.5 In this study
of POSS with differing organic substituents, we demonstrated that inclusion of
octaphenyl POSS at 1 wt% in the P3HT:PCBM active layer solution increased the power
conversion efficiency of the resulting devices from 2.08 % to 2.62 %. This increase in
54

PCE was attributed to enhanced morphology control in the active layer, yielding phaseseparated P3HT and PCBM domains on the order of 10 -20 nm, the optimum size when
considering the exciton diffusion length. Large micrometer-sized domains of the
octaphenyl POSS formed with the PCBM, which acted as internal reflectors and
nucleation points, with the optimum morphology in between the aggregates.
We hypothesize that enhanced PCE can be obtained by tethering a light-absorbing
perylene bisimide onto POSS and blending it into the active layer of a polymer solar cell.
These light-absorbing nanoparticles would provide two functions from one molecule:
morphological control and increased light absorption throughout the solar spectrum. In
this study, octafunctional POSS with a single reactive primary amine group and seven
isobutyl groups was reacted with a series of perylene derivatives to yield nanostructured
additives with varied structural parameters (Error! Reference source not found.).
Isobutyl groups were utilized as the organic corona of the POSS to maintain solubility of
the molecules. The nature of both the linker (R’) and solubilizing group (R’’) was varied
to determine the effects of chain stiffness and solubility on morphology development in
the active layer blend. The perylene moiety was linked through one imide position via
two different functionalities: a flexible propyl group or a stiff phenyl group. The
solubilizing carbon chain on the other imide position of the perylene bisimide was varied,
as either ethylhexyl or hexyldecyl, to determine the effect of chain length and differential
solubility on the perylene-POSS’s direction of aggregation behavior in the active layer
blend.
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Figure 3.1 Chemical structures of P3HT, PCBM, and perylene-POSS, which has
structural modularity in the selection of tethering groups (R') and solubilizing groups
(R'').

3.2 Experimental
3.2.1 Materials
Isobutyl triol POSS was obtained from Hybrid Plastics. All other materials were
obtained from Sigma Aldrich at reagent grade or better.
3.2.2 Synthesis of Perylene-POSS Compounds
3.2.2.1 Amine-functional POSS Compounds
Aminopropyl-heptaisobutyl POSS was prepared according to the report by
Spoljaric et al.6 Aminophenyl-heptaisobutyl POSS was prepared by first synthesizing the
protected trichlorosilane as described by Vij et al7 (Error! Reference source not
found.). In a nitrogen-filled glovebox, the trichlorosilane (2.46 g, 6.64 mmol) was
dissolved with Et3N (2.02 g, 19.91 mmol) in THF (10 mL) and added to a solution of
isobutyl triol (5.0 g, 6.32 mmol) in THF (40 mL). The reaction mixture was stirred
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overnight and removed from the glovebox. Insoluble Et3NHCl was removed by filtration.
The solution was reduced in volume and precipitated into methanol with a catalytic
amount of AcOH to deprotect the aniline. The mixture was stirred, the solids filtered and
collected, and then washed with MeOH to yield the product as a white solid. 1H NMR
(400 MHz, CDCl3) δ 7.46, 7.44 (d, 2H), 6.68, 6.66 (d, 2H), 3.76 (br, 2H), 1.91 - 1.83 (m,
7H), 0.99 - 0.94 (m, 42H), 0.64 - 0.61 (m, 14H). 13C NMR (101 MHz, CDCl3) δ 148.26,
135.48, 120.07, 114.20, 25.73, 25.72, 23.88, 22.56, 22.50. 29Si NMR (79 MHz, CDCl3) δ
-67.38, -67.86, -79.38. Yield: 4.626 g, 81.0%. . 1H, 13C, and 29Si NMR spectra are
presented in the Supplementary Information (Figures A.1 – A.3).

3.2.2.2 Perylene monoimide-monoanhydrides
Ethylhexyl perylene imide-anhydride (1a) was prepared in accordance with the
report by Islam et al.8 Perylene bisanhydride (500 mg, 1.27 mmol) was suspended in 50
mL of 2:1 n-propanol/water, 2-ethyl-1-hexylamine (1.313 g, 10.16 mmol) was added, and
the mixture was heated at 60 °C for 6 hr. The solution was cooled to room temperature
and 10% hydrochloric acid was added. The precipitate formed was collected by filtration,
washed with water and methanol, and added to 1% hot potassium hydroxide solution to
dissolve the desired monoanhydride. The solution was again filtered to remove the
insoluble bisimide. Potassium chloride was added to the filtrate to a 10% concentration,
and 10% hydrochloric acid was added to precipitate the imide-anhydride from solution.
The solids were collected via filtration, dried, and used in the next step without further
purification. Yield 334.5 mg, 52.3%.
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Hexyldecyl perylene imide anhydride (1b) was prepared according to the
procedure by Wicklein et al.9 rather than the previous procedure due to the long alkyl
chains’ insolubility in water, which is necessary for that purification method. Hexyldecyl
perylene bisimide (1.0 g, 1.2 mmol) was refluxed in 60 mL t-BuOH with 5 equivalents
KOH until the bisimide was no longer observed via TLC (CHCl3). After complete
disappearance of the bisimide, the solution was slowly poured into vigorously stirred
AcOH, stirred for 2 hr, after which 2 M HCl was added slowly and allowed to stir for an
additional 30 min. The precipitate was collected by filtration, washed with water until
neutral, and used in the next step without further purification. Yield 472.1 mg, 64.4%.

3.2.2.3 General Perylene-POSS Synthetic Procedure
The synthetic procedure was modified from that of Du et al.10 The starting imideanhydride (100 mg) was weighed into a round bottomed flask along with the selected
amino-POSS at a 2:1 molar excess, and 1 g of imidazole was added. The flask was
purged with nitrogen for 30 min, 10 mL of toluene was added, and the reaction mixture
was heated at reflux for 4 hr. The reaction mixture was cooled to room temperature and
the majority of toluene was removed via rotary evaporation. Methanol was added to the
resulting solids to precipitate the target compounds and remove the imidazole from the
reaction mixture. The resulting solids were filtered and purified via silica gel column
chromatography using dichloromethane as the eluent. 1H, 13C, and 29Si NMR spectra are
presented in the Supplementary Information (Figures B.4 – B.15).
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Ethylhexyl-aminopropyl-heptaisobutyl POSS (2a)
1

H NMR (400 MHz, CDCl3) δ 8.62 - 8.49 (m, 8H), 4.21, 4.19 - 4.09 (m, 4H), 1.98 - 1.77

(m, 10H), 1.44 - 1.32 (m, 8H), 0.99 - 0.87, (m, 48H), 0.76 - 0.71 (m, 2H), 0.60, 0.59 0.57 (m, 14H). 13C NMR (101 MHz, CDCl3) δ 163.69, 163.12, 134.45, 134.37, 131.35,
131.22, 129.27, 126.29, 123.34, 123.25, 122.97, 77.34, 77.22, 77.02, 76.70, 44.36, 42.93,
37.99, 30.79, 28.74, 25.70, 25.68, 24.11, 23.87, 23.84, 23.10, 22.50, 22.41, 21.57, 14.13,
10.67, 9.79. 29Si NMR (79 MHz, CDCl3) δ -67.60, -67.94. Yield: 145.8 mg, 50.4%.
Hexyldecyl-aminopropyl-heptaisobutyl POSS (2b)
1

H NMR (400 MHz, CDCl3) δ 8.44 - 8.16 (m, 8H), 4.19 - 4.08 (4H), 1.97 - 1.79 (m,

10H), 1.42 - 1.22, (m, 24H), 0.95 - 0.92 (48H), 0.75 - 0.71 (m, 2H), 0.60 - 0.56 (m, 14H).
C NMR (101 MHz, CDCl3) δ 163.34, 163.28, 162.83, 162.77, 133.91, 133.81, 130.89,

13

130.79, 128.92, 128.88, 125.80, 125.72, 123.16, 123.06, 122.60, 77.35, 77.03, 76.71,
44.69, 42.92, 36.69, 31.90, 31.88, 31.78, 31.73, 30.07, 29.77, 29.70, 29.60, 29.32, 26.51,
26.49, 25.70, 25.68, 23.86, 23.83, 22.67, 22.50, 22.41, 21.55, 14.11, 9.79. 29Si NMR (79
MHz, CDCl3) δ -67.61, -67.92, -67.94. Yield: 176.6 mg, 74.0%.
Ethylhexyl-phenyl-heptaisobutyl POSS (3a)
1

H NMR (400 MHz, CDCl3) δ 8.70, 8.68 (d, 2H), 8.58 - 8.47 (m, 6H), 7.90, 7.88 (d, 2H),

7.45, 7.42 (d, 2H), 4.19 - 4.08 (m, 2H), 1.96 - 1.85 (m, 8H), 1.41 - 1.31 (m, 8H), 1.05 0.89 (m, 48H), 0.70 - 0.64 (m, 14H). 13C NMR (101 MHz, CDCl3) δ 163.60, 163.39,
135.26, 134.79, 134.21, 132.93, 131.66, 131.24, 129.18, 127.84, 126.22, 123.38, 123.32,
123.22, 123.00, 77.34, 77.22, 77.02, 76.70, 38.03, 30.78, 28.70, 25.76, 25.74, 24.12,
23.91, 23.09, 22.54, 22.47, 14.12, 10.65. 29Si NMR (79 MHz, CDCl3) δ -67.10, -67.79, 80.91. Yield: 133.0 mg, 48.0%.
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Hexyldecyl-phenyl-heptaisobutyl POSS (3b)
1

H NMR (400 MHz, CDCl3) δ 8.64, 8.62 (d, 2H), 8.46, 8.39 (d, 4H), 8.33, 8.31 (d, 2H),

7.91, 7.89 (d, 2H), 7.49, 7.47 (d, 2H), 4.11, 4.09 (d, 2H), 1.98 - 1.86 (m, 8H), 1.43 - 1.24
(m, 24H), 1.01 - 0.99 (m, 42H), 0.85 - 0.82 (m, 6H), 0.71 - 0.65 (m, 14H). 13C NMR (101
MHz, CDCl3) δ 163.39, 163.27, 136.94, 135.28, 134.52, 133.91, 132.92, 131.47, 130.98,
129.62, 128.96, 127.87, 126.14, 125.94, 123.37, 123.19, 123.08, 122.83, 77.35, 77.03,
76.71, 44.65, 36.73, 31.89, 31.84, 31.73, 31.68, 30.03, 29.73, 29.55, 29.30, 26.45, 26.41,
25.77, 25.75, 23.92, 22.66, 22.55, 22.48, 14.12. 29Si NMR (79 MHz, CDCl3) δ -67.10, 67.78, -80.88. Yield: 109.0 mg, 44.7%.

3.2.3 Active Layer Solutions and Device Fabrication
The selected POSS molecule was dissolved in o-DCB to yield a solution of 0.25
mg/mL, which corresponds to a 1% loading of the POSS in a 25 mg/mL P3HT:PCBM
solution. Devices were then fabricated according to the procedure described previously5
and subjected to thermal annealing for ten minutes at 150 °C or a combination of solvent
vapor (isopropanol for 20 minutes) and thermal annealing.

3.2.4 Analytical Techniques
NMR spectra were collected on a Bruker 400 MHz Spectrometer. Atomic force
microscopy, UV-Visible spectroscopy, and device performance parameters were
performed as reported previously.5
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3.3 Results and Discussion
3.3.1 Synthesis of Perylene-POSS Compounds

Scheme 3.1 Synthesis of aminophenyl-heptaisobutyl POSS. 4[Bis(trimethylsilyl)amino]phenyltrichlorosilane was prepared as shown according to the
procedure of Vij et al.

Synthesis of the target perylene-POSS compounds first required the synthesis of
amine-functional POSS compounds. Aminopropyl-heptaisobutyl POSS is widely studied
and was synthesized according to literature procedure.6 The synthesis of aminophenylheptaisobutyl POSS was reported once before in a patent11 via nitration and reduction of
phenyl-heptaisobutyl POSS. The method described here using a TMS-protected aniline is
more straightforward and does not require expensive palladium catalysts (Error!
Reference source not found.).
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Scheme 3.2 Synthesis of perylene-POSS compounds.
The synthetic route to all perylene-POSS compounds is presented in Scheme 3.2.
Compound 2a was disclosed previously in a patent12 but was only characterized via 1H
NMR. Compounds 2b, 3a, and 3b have not been previously reported, but there are similar
compounds reported in the literature.10, 13 29Si NMR showed that the POSS cages were
still intact after reaction and purification (Figures A.6, A.9, A.12, and A.15). The
octaphenyl analogue of the aminophenyl POSS (R = Ph) was synthesized as an
intermediate to make phenyl-substituted perylene-POSS compounds, but the reaction
products of the imide-anhydride and POSS were insoluble and it was not possible to
characterize them or fabricate devices using them as an additive. A longer solubilizing
group on the perylene (like decyltetradecyl, a 24-carbon chain) may be required to
solubilize the phenyl-substituted POSS molecules.
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3.3.2 Device Performance Parameters
Following the previous method reported from our group,5 the various POSS
compounds were blended into the active layer solutions at 1 wt%, first by dissolving the
POSS in DCB at 0.25 mg/mL and then dissolving the P3HT:PCBM mixture in the POSS
solution. Devices were fabricated using the active layer solutions and subjected to varied
annealing treatments. PCE values did not show statistically significant improvement over
the neat devices with or without solvent vapor annealing.

Table 3.1 Performance parameters for devices employing perylene-POSS loaded
P3HT:PCBM active layers. Perylene-POSS compounds were loaded into the active layer
at 1 wt% and subjected to 0 or 20 minutes solvent vapor annealing. All devices were
thermally annealed for ten minutes at 150 °C
SVA
(min)

Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

Neat

0
20

0.555 ± 0.010
0.556 ± 0.021

7.56 ± 0.46
7.72 ± 0.80

49.8 ± 2.1
48.9 ±6.7

2.05 ± 0.14
2.08 ± 0.42

EHAPiBu7
(2a)

0
20

0.505 ± 0.010
0.505 ± 0.015

5.78 ± 0.90
7.41 ± 1.45

46.6 ± 2.9
48.9 ± 4.1

1.38 ±0.10
1.91 ± 0.40

HDAPiBu7 0
(2b)
20

0.522 ± 0.018
0.501 ±0.014

5.97 ± 0.35
5.93 ± 0.42

49.9 ± 3.0
50.3 ± 1.9

1.53 ± 0.12
1.50 ± 0.09

EHPhiBu7
(3a)

0
20

0.537 ± 0.023
0.543 ± 0.015

5.77 ± 0.46
5.76 ± 0.49

44.5 ± 1.5
44.3 ± 3.7

1.34 ± 0.20
1.47 ± 0.42

HDPhiBu7
(3b)

0
20

0.548 ± 0.007
0.552 ± 0.005

7.32 ± 0.27
7.43 ± 0.22

46.2 ± 1.7
42.5 ± 1.4

1.82 ± 0.07
2.01 ± 0.09

POSS type
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3.3.3 UV-Visible Spectroscopy

Figure 3.2 Dilute solution (~10-5 M) UV-Vis absorbance spectra of perylene-POSS
compounds in CHCl3.

All perylene-POSS compounds showed strong absorption in the visible region
from 400 to 550 nm, with a maximum absorbance around 525 nm, and secondary peaks
at 490 and 460 nm (Error! Reference source not found.). The absorption profiles were
consistent with reported spectra of aliphatic PBIs, as well as other perylene-POSS-type
compounds.13-14 Onset of absorption for all compounds was at 540 nm, corresponding to
a band gap of 2.29 eV. This is to be expected, because the perylene chromophores differ
only at the imide positions, which do not greatly alter the optoelectronic properties of the
compounds.15
When blended into P3HT:PCBM and cast into thin films (Error! Reference source not
found.), the perylene-POSS compounds influenced the absorption of the blends, with the
compounds with a propyl linker showing the greatest absorbance. Due to their low
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loading, distinct perylene-POSS absorbance peaks were not observed in the films. In the
thermally-annealed only films, absorption increases from 3a (short-chain solubilizer with
phenyl linker) < 3b (long-chain with phenyl linker) < 2a (short-chain with propyl linker)
< 2b (long-chain with propyl linker). Greater absorption in the P3HT phase (from 400 to
650 nm) signified more light absorbed, and potentially greater power conversion
efficiencies. All films had the same amount of absorption attributable to PCBM (peak at
~340 nm) except the one incorporating 2b. Loading of the film with 2b increases the
absorption from PCBM, showing that there was greater crystallinity from PCBM
employing this POSS compound with thermal annealing only.
In the solvent vapor and thermally annealed films, the trend shown in thermalonly treatment changes. Instead of the propyl linker showing the greatest influence on
absorption, the films employing compounds with the longer-chain solubilizing groups
showed the greatest absorption of the four, and the phenyl linker (3b) was the best of
those. This is corroborated with the performance data—devices employing 3b as the
additive showed the least detrimental effects from POSS addition. Solvent vapor
annealing with hydrophilic isopropanol vapor had the greatest effect on the more
hydrophobic hexyldecyl-substituted perylene-POSS compounds, leading the film to have
greater crystallinity and light absorption in both the P3HT and PCBM phases.
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Figure 3.3 Thin film absorption spectra of P3HT:PCBM films loaded with 1 wt%
perylene-POSS compounds. Films subjected to thermal annealing only (left) show lower
absorbance than the respective films subjected to solvent vapor annealing and thermal
annealing (right).

3.3.4 Atomic Force Microscopy

Figure 3.4 Representative AFM images of P3HT:PCBM films loaded with perylenePOSS 3b, thermally annealed (a - d) and solvent vapor and thermally annealed (e - h).
Images a, c, e, and g show height, and images b, d, f, and h show DMT modulus. Images
in the top row (a, b, e, and f) are 5 μm x 5μm, and the bottom row (c, d, g, and h) are 1
μm x 1 μm.
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Representative AFM height and DMT modulus images of thermally annealed and
tandem solvent vapor-thermally annealed films loaded with perylene-POSS 3b are shown
in Error! Reference source not found.. Quantitative nanomechanical mapping allows
determination of the relative hardness of the phase-separated domains, with the harder
PCBM phases shown as brighter spots in modulus images. Phase-separated domains are
present, though they are irregular in size and do not demonstrate the connectivity required
for high performance. Solvent vapor annealing led to more distinct phase separation
compared to thermal annealing only, as seen in the modulus-mapped images, and led to
higher performance as compared to devices incorporating the other perylene-POSS
molecules. However, the domain sizes of the P3HT and PCBM phases are larger than
those seen in the previous study, limiting the ultimate performance of the device.
Blends of the perylene-POSS molecules in the P3HT:PCBM active layers do not
show micron-sized POSS aggregates observed in the films loaded with octaphenyl POSS
investigated previously in our group.5 These large aggregates are hypothesized to serve as
nucleation points for the components of the blend, and may be required for the
development of favorable morphologies. The additional solubility afforded by the
perylene bisimide moiety and the alkyl chains on the perylene bisimide made the POSS
molecules more soluble in the active layer blend compared to those used previously, so
no micron-scale aggregates formed. A phenyl corona on the POSS molecule may then be
required to induce the amount of aggregation through its increased π character compared
to the perylene-POSS compounds with isobutyl coronas.
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3.4 Conclusions
A series of tethered perylene-POSS molecules with varied structural parameters
was synthesized and characterized. The length of the alkyl solubilizing group vas varied
to modulate solubility, and the linking group between the perylene and POSS moieties
was varied to modulate the stiffness in the linkage, hypothesized to change the magnitude
of π-π interaction. The perylene-POSS molecules exhibit absorption spectra consistent
with previously reported perylene-POSS-type compounds. Incorporation of the various
perylene-POSS molecules into the active layer of a P3HT:PCBM polymer photovoltaic
device as a light-absorbing nanoadditive did not result in the desired effect of increased
power conversion efficiency. Three of the four perylene-POSS molecules decreased the
PCEs of the devices, and the best-performing perylene-POSS-containing devices showed
no change in PCE compared to neat devices. AFM imaging revealed interconnected
phase-separated domains of P3HT and PCBM, without large-scale aggregates seen in our
previous study.
The poor performance of the current systems indicates that the macro-scale phase
separation seen with octaphenyl POSS blends previously may be required to template the
materials between the large aggregates. Distinct perylene-POSS aggregates may be
required to template the active layer between them. This could be accomplished by
synthesis and incorporation of a perylene-POSS with a phenyl corona.
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CHAPTER IV – THIENO[3,4-B]PYRAZINE-BASED DONOR-ACCEPTOR
COPOLYMERS FOR BROAD LIGHT ABSORPTION
4.1 Introduction
In order to expand the range of the visible spectrum absorbed by polymer solar
cells, an immense amount of research has been done to engineer donor polymers that
absorb light throughout the visible spectrum.1 In particular, polymers with very low band
gaps are of interest because their onset of absorption is in the low energy region of the
visible spectrum, from red to the near-IR region. Polymers can be constructed to exhibit
these properties by utilization of the donor-acceptor (D-A) copolymer motif, wherein an
electron-rich donor monomer, like benzodithiophene, is copolymerized with an electron
deficient monomer via a palladium-catalyzed polycondensation reaction, like the Suzuki
or Stille coupling.2-3 The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) can be tuned via comonomer identity, with the
HOMO of the copolymer being largely influenced by the HOMO of the donor monomer,
and the LUMO of the polymer being largely influenced by the LUMO of the acceptor
monomer.4 A low HOMO level also improves air stability for the polymer and the final
device.5
The ultimate performance of a donor-acceptor copolymer depends not only on the
energy levels and absorption of the polymer, but on the morphology of the binary
polymer/fullerene blend in the active layer.6 A favorable morphology of the phaseseparated domains leads to increased efficiencies due to enhanced charge separation and
extraction. In addition to the modularity afforded by the selection of donor and acceptor
units, the morphologies of the ultimate copolymers can be modified by changing alkyl
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chains on one or both of the comonomer units, yielding a series of D-A copolymers with
structurally similar backbones that differ only by non-absorbing solubilizing groups.7 In
this manner, the structure-property relationships of the solubilizing groups along with the
backbone can be studied to determine the most important parameters that influence
performance for a given polymer system.
This study was conducted using an initial selection of dibrominated acceptor
monomers that showed potential for broad absorption in the solar spectrum into the nearinfrared range when incorporated into a D-A copolymer (Error! Reference source not
found.), as well as environmental stability, required for air-processed OPVs.8-10 These
monomers were synthesized by Prof. Jared Delcamp’s Research Group in the Department
of Chemistry and Biochemistry at the University of Mississippi. The thieno[3,4b]pyrazine (TPZ) unit has been utilized in broadly-absorbing materials in the past by the
Delcamp Group and others,9-12 and has been shown to give broad absorption and good
environmental stability—which was hypothesized to translate into polymers for
photovoltaic applications based on this structural unit. In this study, the acceptor
monomers were copolymerized with a bis(trimethylstannyl)benzodithiophene that has
seen wide use in the D-A copolymer literature via the Stille coupling method.13 The
acceptor comonomer based on thienopyrazine (Br2TPZ) yielded workable copolymers
that were characterized and utilized as the donor material in air-processed OPV devices
with promising initial results. The thienopyrazine-based Br2TPZ monomer was then
modified to change the solubility and influence morphology, domain sizes, and
ultimately, power conversion efficiency. A similar polymer was synthesized and
characterized incorporating a thienopyrazine unit by another group previously but
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without the modulated solubility afforded by additional alkyl groups.14 The ultimate goal
of this study was to elucidate the structure-property relationships that govern the
performance of novel thienopyrazine-based donor-acceptor copolymers as the donor
material in polymer:fullerene photovoltaic devices.

4.2 Experimental
4.2.1 Materials
All reagents were purchased from Sigma Aldrich unless specified otherwise. 2,6Bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene
((Me3Sn)2BDT) was synthesized and supplied by the Delcamp Research Group or
purchased from Sigma Aldrich. All acceptor monomers were synthesized by the Delcamp
Group. Solvents for polymerization (chlorobenzene, toluene, and dimethylformamide)
were anhydrous. Pd(PPh3)4 was synthesized according to Watanabe et al.15 Pd2dba3 was
purchased from Sigma Aldrich and repurified according to Zalesskiy et al.16
ITO-patterned glass substrates with a resistivity of 15 Ω/sq were purchased from
Lumtech.
4.2.2 Polymer Synthesis
General Procedure
Equimolar amounts of the donor and acceptor monomers, as well as the catalyst at
4 mol%, were weighed into a Schlenk flask and subjected to three evacuation and refill
cycles with nitrogen. The selected solvent was then injected into the flask and heated for
the prescribed amount of time. Initial polymerizations were carried out under nitrogen in
chlorobenzene at 20 mg/mL, with Pd2dba3/P(o-tol)3 serving as the catalyst at 4 mol %
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loading of Pd, and heated at reflux for three or seven days.17 Low molecular weight
oligomers were found to result from this system due to coupling with the solvent and the
use of non-purified monomer for the early reactions. A modified polymerization scheme
was used to increase the molecular weight of the resulting polymers by purifying the
acceptor monomers via column chromatography with 1:1 hexanes:DCM, increasing the
monomer concentration to 50 mg/mL, changing the solvent system to 4:1 toluene/DMF,
and changing the catalyst to Pd(PPh3)4.13 Polymerizations were carried out at 100 °C for
24 hr, and the polymerization solution was poured into 1 M HCl in MeOH, stirred,
filtered, and subjected to Soxhlet extraction with hexanes and acetone for one day each.
4.2.3 Analytical Techniques
NMR spectra were obtained in CDCl3 on a Varian 300 MHz spectrometer or a
Bruker 600 MHz spectrometer and were referenced to the residual solvent peak.
MALDI-TOF mass spectra were obtained on a Bruker BioFlex 2 using dithranol as
the matrix and a 20:1 mass ratio of matrix to analyte cast from THF.
UV-vis spectra were obtained using a Perkin-Elmer Lambda 35 UV/Vis
spectrophotometer. Solution-state UV-Vis of polymers was carried out in dilute solution
(~10-5 M) in chloroform. Active layer films for absorption measurements were cast onto
quartz substrates. Absorption spectra of materials in solution were normalized to the
maximum absorbance. Spectra of thin films were normalized to the absorbance at 1000
nm, where there is low absorption from both components of the blend. AFM imaging was
performed on the same day to avoid the detrimental effects of changing ambient conditions
and were conducted on a Dimension ICON scanning probe microscope from Bruker. All
the processes were performed in tapping mode in air mode using Nanoscope 8 software.
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Cyclic voltammetry measurements were performed utilizing a Princeton Applied
Research VersaSTAT 4 Potentiostat using Pt working and counter electrodes with an Ag
pseudo-reference electrode. Thin films of the analyte were deposited on the working
electrode. Freshly distilled acetonitrile was utilized as the solvent and 0.03 M Bu4NPF6 as
the supporting electrolyte.

4.2.4 Solar Cell Fabrication
Air-processed devices were prepared and characterized according to our previous
report, using active layer solutions at concentrations of 16 mg/mL solids.18 Inertprocessed devices were prepared and characterized using a modified version of the
previous procedure. The polymer and fullerene (1:1 by weight) were weighed into an
amber vial and dissolved in the solvent of choice at a concentration of 25 mg/mL solids.
The solution was heated at 60 °C for 8 hr in a sand bath in a nitrogen-filled glovebox to
promote full dissolution. ITO-patterned glass substrates were prepared as reported
previously18 and transferred to a nitrogen-filled glovebox after thermal annealing of the
PEDOT:PSS layer. The active layer was spin coated onto the PEDOT:PSS layer at 1250
rpm for 70 s. After deposition, the substrate was placed into a shadow mask and
transferred into an Angstrom Engineering thermal deposition system. After establishing a
vacuum of 10-6 Torr, 20 nm of Ca and 80 nm of Al were subsequently deposited onto the
active layer, both at a rate of 1 Å/s. After metal deposition, the devices were removed
from the evaporator, covered with a thin coat of UV curable epoxy and a glass cover slip,
removed from the glovebox, and cured in a UV reactor for 6 minutes. After cure, the
performance of the devices was characterized according to our previous report.18
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4.3 Results and Discussion
4.3.1 Polymer Synthesis and Characterization

Figure 4.1 Initial monomer selection for donor-acceptor copolymerization. The donor
monomer BDT was copolymerized with the dibromo acceptor monomers.
Initial monomer selection is shown in Error! Reference source not found.. Both
the dithienothienopyrazine (DTTPZ) and thienothiadiazole (TTDZ) based copolymers
precipitated from the polymerization solution shortly after heat was applied and were not
analyzed further. A copolymer with the same backbone as the BDT-TTDZ copolymer
was reported previously, but with alkyl solubilizing groups on the thiophene moieties on
the Br2TDZ monomer.19 This gave presumably better solubility as compared to the
system investigated here, and allowed further analysis. The additional thiophene units in
the Br2DTTPZ and Br2TTDZ monomers led to more π-π stacking compared to the
Br2TPZ monomer, negatively impacting the solubility and leading to unworkable
polymers. The thienopyrazine (TPZ) copolymerized with the BDT monomer turning the
yellow solution green after heat was applied to the system. After polymerization, the
crude mixture was poured into 1 M HCl in MeOH, stirred for an hour, filtered keeping
the green solids, and purified via Soxhlet extraction first with hexanes and then with
acetone. A blue solution of impurities was removed with the hexane extraction, and no
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further impurities were removed with acetone extraction. NMR and MALDI analysis
showed low molecular weight polymers resulting from these polymerization conditions.
Initial devices were fabricated in air using the BDTTPZ polymer as the donor
material blended with PCBM at a 1:1 or 1:2 ratio in chlorobenzene at 16 mg/mL solids.
Only a few pixels in each device gave appreciable efficiencies, with performing cells
showing between 0.2 and 0.3 % PCE. Due to promising performance, a series of TPZbased dibrominated acceptor monomers with a variety of solubilizing groups was then
synthesized by the Delcamp Group, shown in Error! Reference source not found..

Figure 4.2 Thienopyrazine-based acceptor monomers.
Polymers utilizing these new acceptor monomers were prepared using the
Pd2dba3/P(o-tol)3 catalyst system in chlorobenzene, and reacting for a week at reflux. The
reaction solution was poured into 1 M HCl in methanol, filtered and washed with
methanol, and subjected to Soxhlet extraction with hexanes and acetone. Soluble blue
compounds were extracted with the hexane extraction for these reaction conditions. The
polymers were subjected to molecular weight analysis via NMR (Error! Reference
source not found.) and MALDI (Error! Reference source not found.), results shown in
Error! Reference source not found., which showed that low molecular weight materials
were produced.
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Figure 4.3 NMR Spectra of low molecular weight BDTTPZ series polymers BDTTPZ
(top), BDTMeTPZ (middle), and BDTBuTPZ (bottom). The ratio of the O-CH2- protons
to the endgroup protons were used to estimate molecular weight.
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Figure 4.4 MALDI spectra of BDTTPZ (top), BDTMeTPZ (middle), and BDTBuTPZ
(bottom). Samples were cast from THF using dithranol as the matrix at a 10:1
matrix/analyte mass ratio.

Table 4.1 Molecular weight analysis of low molecular weight BDTTPZ series polymers.
Polymer

NMR Mn

MALDI Mn

MALDI Mw

MALDI
MWD

BDTTPZ

2120

2310

2520

1.09

BDTMeTPZ

1880

2280

2500

1.10

BDTBuTPZ

3670

3300

3930

1.19
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4.3.2 UV-Vis and Cyclic Voltammetry
Absorption spectra of the polymers in solution are shown in Error! Reference
source not found.. All polymers show an absorption band around 400 nm, with the
alkyl-substituted BDTMeTPZ and BDTBuTPZ showing a bathochromic shift in the
absorption, presumably due to the additional electron density afforded to the polymer by
the alkyl groups. The spectra exhibit another broadly absorbing region in the red to near
infrared from 600 to 900 nm, with a shoulder at ~720 nm and a second shoulder at ~820
nm that grows in prominence as the R-group is extended from H to Me to Bu. The onset
of absorption for all polymers was at 888 nm, corresponding to an optical band gap of
1.40 eV.

Figure 4.5 Solution-state UV-Vis spectra of BDTTPZ series copolymers
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Figure 4.6 Thin film cyclic voltammograms of BDTTPZ series, with MeCN as the
solvent and 0.03 M TBAPF6 as the supporting electrolyte. HOMO levels were estimated
by comparison of the onset of oxidation to the Fc/Fc+system.

Table 4.2 Optoelectronic properties of low molecular weight BDTTPZ series polymers.
Material

E ox onset (V)

E HOMO (eV)

E LUMO (eV)

Optical Band Gap (eV)

BDTTPZ

0.54

-5.34

-3.94

1.40

BDTMeTPZ

0.36

-5.16

-3.76

1.40

BDTBuTPZ

0.51

-5.31

-3.91

1.40

Cyclic voltammograms of the polymers are shown in Error! Reference source
not found. and The HOMO and LUMO levels of the polymers in Error! Reference
source not found.. The LUMOs of the polymers are in the near ideal position for
electron transfer to PCBM with minimal energy loss, a separation of 0.2 eV, shown by
Son et al.20 The low-lying HOMO level around -5.3 eV shows that this polymer system
has potential for good environmental stability.5

4.3.3 Air-Processed Devices
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Devices were fabricated according to the air-processing protocol using the low
molecular weight materials with an active layer ratio of 1:1 polymer to fullerene by
weight in chlorobenzene. Additionally, thermal annealing was utilized in an attempt to
improve the PCEs of the devices. Performance parameters for all devices are shown in
Error! Reference source not found.. The PCEs were approximately 0.1 to 0.2 % for all
devices. Thermal annealing did not have a great effect on the PCEs. The thermally
annealed films showed generally showed reduced variability than the as-cast samples,
however appreciable increase in PCE upon annealing was observed only for the
BDTMeTPZ devices. This was the only significant result seen as a function of annealing,
and there is no significant difference in the PCEs of devices using different polymers.
Thin film UV-Vis spectra of the polymer:fullerene blends showed a decrease in
absorption in the contribution of the fullerene at ~340 nm upon thermal annealing,
indicating formation of more PCBM aggregates,21 but no substantial change in the
polymer absorption. These types of D-A copolymers generally do not benefit from
thermal annealing after spin casting, which held true for this system as well. Thermal
annealing was not a factor of interest when trying to optimize the performance of these
devices for studies using the high molecular weight polymers discussed below.
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Table 4.3 Photovoltaic performance data of low molecular weight BDTTPZ polymers
blended with PC60BM and cast from chlorobenzene treated with differing annealing
conditions.
2

Polymer

Annealing

Voc (V)

Jsc (mA/cm )

FF (%)

PCE (%)

BDTTPZ

As-cast
TA

0.4164 ±0.0463
0.3530 ±0.1055

0.64 ±0.11
0.64 ±0.14

59.9 ±19.1
42.9 ±14.0

0.25 ±0.18
0.13 ±0.08

BDTMeTPZ

As-cast
TA

0.4003 ±0.0205
0.4298 ±0.0162

0.76 ±0.06
1.17 ±0.11

38.6 ±2.3
44.0 ±8.6

0.12 ±0.01
0.23 ±0.04

BDTBuTPZ

As-cast
TA

0.3638 ±0.0451
0.3770 ±0.0663

0.84 ±0.16
0.68 ±0.09

45.8 ±18.0
53.1 ±20.4

0.16 ±0.13
0.13 ±0.05

Figure 4.7 AFM tapping mode images of BDTTPZ series polymers blended 1:1 with
PCBM and cast from chlorobenzene subjected to varied annealing treatments.
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Figure 4.8 Thin-film UV-Vis spectra of polymer/PCBM blends cast from chlorobenzene.
As-cast (AC) films show slightly more absorption than their thermally annealed (TA)
counterparts.

AFM tapping mode images (Error! Reference source not found.) show that
there are large phase separated domains that develop as the films are cast from solution,
with large aggregates evident for all three polymers. BDTTPZ films have extremely large
needle-like aggregates, due to the poor solubility of the polymer in the casting solvent
compared to the other polymers. BDTMeTPZ films have the most uniform phase
separation, with needle-like phase-separated domains evenly distributed throughout the
film. BDTBuTPZ films are uniform, save for large needle-like aggregates interspersed in
the smooth regions. Thermal annealing does little to change the morphology and
crystallinity of the polymer, as seen in the AFM images and thin film UV-Vis spectra
(Error! Reference source not found.), which is in agreement with little to no change in
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the device efficiency data upon thermal annealing. The low molecular weights of these
polymers were hypothesized to contribute to the poor power conversion efficiencies of
the devices, mainly due to the crystallinity of the active layer films trapping any charges
in the large domains.
4.3.4 High Molecular Weight Polymer Synthesis
Because the first polymerization scheme yielded low molecular weight oligomers
with poor device performance, efforts were made to increase the molecular weight of the
polymers. The acceptor monomers were repurified via column chromatography with 1:1
DCM/hexanes. A comparative study between catalysts Pd2dba3/P(o-tol)3 and Pd(PPh3)4
utilizing chlorobenzene as the solvent was performed. Pd(PPh3)4 yielded polymers with
higher molecular weight than Pd2dba3/P(o-tol)3, as shown by 1H NMR, and this system
was chosen for the remainder of the study. However, polymerization utilizing Pd(PPh3)4
in chlorobenzene still yielded oligomeric species. The solvent was changed to 4:1
toluene/DMF to eliminate possible coupling of the monomers with the solvent. This
reaction scheme yielded high molecular weight polymer, and the reaction time was
reduced from 7 days to one day by changing the solvent and catalyst system (Error!
Reference source not found.). Analysis with NMR (Error! Reference source not
found.) showed an Mn of around 20,000 g/mol for each of the copolymers. No colored
compounds were extracted during the Soxhlet extraction, indicating high conversion of
the monomer, and MALDI analysis was attempted on the polymer. Sample preparation
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conditions for previous MALDI characterization were utilized, and no peaks were evident
in the mass spectrum, suggesting high molecular weight polymer was obtained.

Figure 4.9 Final reaction conditions to polymerize BDT and TPZ monomers to high
molecular weight.

Figure 4.10 NMR molecular weight analysis of high molecular weight BDTTPZ.
4.3.5 Inert-Processed Devices
High molecular weight copolymers were utilized in devices blended at a 1:1
weight ratio copolymer/PCBM at 25 mg/mL solids, and the devices were subjected to
varied solvent conditions of individual solvent (chlorobenzene vs dichlorobenzene) or the
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solvent blended with diiodooctane at 3%, which has been shown to improve crystallinity
and PCE for a variety of other D-A copolymers.13, 22 Additionally, a Ca interlayer was
utilized to serve as an electron transport layer to improve charge transport to the cathode,
improving PCE.

Table 4.4 Photovoltaic properties of high molecular weight BDTTPZ series polymers
subjected to differing casting solvents and fabricated in an inert atmosphere with a Ca
interlayer.
Polymer

Solvent

2

Voc (V)

FF (%)

PCE (%)

43.7 ±10.1
42.3 ±10.5
-

0.25 ±0.05
0.12 ±0.10
-

CB
CB/DIO
DCB
DCB/DIO

0.361 ±0.031
0.212 ±0.114
-

Jsc (mA/cm )
1.69 ±0.25
1.33 ±0.62
-

BDTMeTPZ CB
CB/DIO
DCB
DCB/DIO

0.375 ±0.038
0.345 ±0.032
0.365 ±0.020
0.334 ±0.045

1.61 ±0.21
1.46 ±0.22
1.36 ±0.10
0.97 ±0.22

40.6 ±8.2
41.4 ±19.2
37.1 ±6.6
42.8 ±11.2

0.23 ±0.03
0.20 ±0.08
0.17 ±0.03
0.14 ±0.04

BDTBuTPZ

0.460 ±0.006
0.415 ±0.005
0.453 ±0.004
0.404 ±0.053

5.15 ±0.23
6.25 ±0.37
3.82 ±0.15
4.45 ±0.25

41.1 ±12.1
35.3 ±1.5
46.9 ±4.2
41.1 ±3.0

0.86 ±0.08
0.86 ±0.05
0.77 ±0.08
0.72 ±0.06

BDTTPZ

CB
CB/DIO
DCB
DCB/DIO
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Figure 4.11 Representative light J-V curves for each polymer:PCBM blend cast from
chlorobenzene. The highest performance was seen from the BDTBuTPZ:PCBM system.
Performance parameters of the optimization study are shown in Error! Reference
source not found., and representative J-V curves are shown in Error! Reference source
not found.. In general, devices cast from CB performed better than those cast from DCB,
and devices cast without DIO performed better than those with the cosolvents. The
BDTTPZ based devices did not perform well, with no devices cast from DCB showing
any appreciable PCE. The devices cast from CB gave low PCEs, and addition of DIO cut
the efficiency in half, due to the change in solubility. BDTMeTPZ-based devices showed
comparable performance to the BDTTPZ-based devices. The BDTBuTPZ devices gave
the highest power conversion efficiency in all conditions, presumably due to the higher
solubility of the polymer in the casting solvent, allowing for a better dispersion in
solution and a more uniform film upon spin casting. This also leads to more facile charge
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transport and separation due to more domains closer to the exciton diffusion length (~10 20 nm).
The performance of the BDTBuTPZ-based devices is substantially lower than that
of the state of the art, due to a number of factors. The energy levels are well-positioned in
comparison to PCBM in order to efficiently separate any excitons that come to the
interface of the phase-separated domains. Because the maximum absorption of
BDTBuTPZ is centered at 800 nm, where there is a drop in the solar photon flux,23 fewer
photons are available which means fewer opportunities to absorb a photon and convert it
into electricity, limiting the maximum PCE achievable for BDTTPZ-based devices.

4.3.6 UV-Vis and AFM
Thin-film UV-Vis and AFM measurements were performed on polymer:PCBM
blends utilizing the remaining BDTBuTPZ. Greater absorbance is observed in the films
cast from chlorobenzene than in those cast from dichlorobenzene (Error! Reference
source not found.), helping to explain the slight differences in PCE observed. The
shapes of the absorbance curves were altered upon addition of DIO to the casting solvent,
making the peaks in absorbance centered at 800 nm more prominent, likely due to an
increase in crystallinity as a result of the modified solubility. AFM imaging (Error!
Reference source not found.) showed that casting from chlorobenzene gave smoother,
more uniform films without large-scale aggregates as compared to films cast from
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dichlorobenzene. The more favorable morphology observed in the chlorobenzene-cast
films explains the improved PCE of the devices using these conditions.

Figure 4.12 Thin-film UV-Vis absorption spectra of BDTBuTPZ copolymers blended
with PCBM and spin-cast from varied solvent conditions.

Figure 4.13 AFM tapping mode images of high molecular weight BDTBuTPZ:PCBM
films cast from chlorobenzene or dichlorobenzene at the 5μm scale.
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4.4 Conclusions
A series of donor-acceptor copolymers was synthesized, with benzodithiophene
donor units and varied thienopyrazine acceptor units, using the Stille coupling with
Pd(PPh3)4 as the catalyst, and 4:1 toluene:DMF as the solvent. The copolymers exhibit
broad absorption spectra, absorbing from 600 nm to 900 nm, into the near-infrared.
Energy levels of the copolymers are well-matched with PCBM, ensuring efficient exciton
separation and charge transport. Both air-processed and inert-processed OPV devices
employing these copolymers as the donor material exhibit low power conversion
efficiencies as compared to the state of the art. Poor solubility and absorption in the solar
spectrum with limited photon flux limits the power conversion efficiencies of the devices,
with the best-performing devices exhibiting a performance of 0.86 %, employing the
most soluble butyl-substituted BDTBuTPZ copolymer. Solubility of the copolymers
could be improved by lengthening the butyl chains on the thienopyrazine comonomer to
longer-chain or branched-chain alkyl groups, which may lead to better active layer
morphology and increased efficiency. The efficiency of devices employing
thienopyrazine as a comonomer may be limited though, due to the absorption profile of
the copolymer.
Acknowledgements
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CHAPTER V DEVELOPMENT OF AN IMPROVED ROUTE TO TRIPLY LINKED
DI(PERYLENE BISIMIDES) AND DETERMINATION OF THEIR PROPERTIES IN
PTB7 BLENDS
5.1 Introduction
In recent years, polymer photovoltaics have shown much promise as part of the
renewable energy landscape, specifically by making photovoltaics more accessible
through mass production like blade coating or inkjet printing. The majority of recent
research on new materials has focused on the donor polymer of the device rather than the
electron acceptor material. However, lately there has been increased interest in
alternative, non-fullerene acceptor materials to replace compounds like phenyl-C61butyric acid methyl ester (PCBM).1-2 An intriguing class of materials for this application
is based on perylene bisimide, (PBI), an industrially important, colorfast dye that has seen
utility in the organic electronics area from the beginning of organic photovoltaics, a
derivative of which was utilized in the first organic photovoltaic device in 1986,3 due to
its chemical tunability, high electron mobility, and environmental stability.4-5 Expanding
the conjugation of the bay region of the PBI through addition of phenyl groups6 or
additional PBI moieties5, 7-9 has been one approach to broaden the absorption and tune the
electronic properties of PBI-based molecules.6 One promising approach is to expand the
bay region through linkage of the PBI to another PBI through three bonds, in contrast to
one or two.
A variety of these types of compounds have been synthesized, all using the
method of copper-mediated Ullmann-style coupling, with CuI as the copper source, Lproline as the ligand, and DMSO as the solvent. CuI/L-proline is a well-studied system
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that has been widely used,10-12 notably in the coupling of aryl halides,13 and for reactions
such as oxidation of alcohols to ketones.14 Synthesis of triply-linked PBI dimers has
been reported utilizing tetrahalogenated PBIs as the substrate for subsequent reaction
either through direct coupling in basic conditions15 or through synthesis of a 1,12dihalogenated compound without addition of a base, which is then subjected to the same
coupling conditions.16 A few reports have appeared of the synthesis of these 1,12dihalogenated compounds with either alkyl or aryl R-groups in the imide positions and
either tetrachlorination or tetrabromination in the bay region. These studies all used
DMSO as the solvent for their reactions with no reports of an alternative, limiting the
applicability of these reaction conditions to only those functional groups soluble in
DMSO. An alternative solvent system for the modification of these types of halogenated
perylene bisimides is therefore desired to expand the range of architectures and structures
possible for applicability in organic semiconductor research.
In this report, we detail the synthesis of a series of triply-linked perylene bisimide
dimers (diPBIs) using intermediates synthesized under alternative milder conditions and
in higher yields compared to previous reports of similar molecules. DiPBIs with three
different solubilizing groups were synthesized: short chain alkyl (di(butyloctyl)PBI,
diBOPBI, (4a), long chain alkyl (di(hexyldecyl)PBI, diHDPBI, (4b), and aryl
(di(diisopropylphenyl)PBI, diDIPPBI, (4c). The aryl-substituted diDIPPBI has been
synthesized before,15 but not yet reported in photovoltaic devices, and similar alkylsubstituted diPBIs have been utilized as non-fullerene acceptors,16 but the effect of alkyl
chain length on device performance was not studied. The compounds synthesized in this
study were utilized as non-fullerene acceptor materials in the active layer of bulk
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heterojunction polymer solar cells, with the polymer PTB7 acting as the donor material
(Error! Reference source not found.).

Figure 5.1 Target diPBIs and polymer donor PTB7 used as polymer component in OPV
devices.

5.2 Materials
All materials were obtained from Sigma-Aldrich at reagent grade or better unless
otherwise stated. Dimethyl acetamide and dimethyl sulfoxide were anhydrous. Solvents
for chromatography were obtained from Fisher Scientific and were ACS grade. Silica gel
was obtained from Sorbtech, and preparative thin layer chromatography plates (1 mm
thick silica) were obtained from AnalTech.
Patterned ITO coated glass substrates with a resistivity of 15 Ω/sq were purchased
from Luminescence Technology Corp. Low conductivity grade poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was obtained from Sigma
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Aldrich as a 2.8 wt.% dispersion in water and used as the hole transport layer. PTB7
(80,000 – 200,000 g/mol, Ð ≤ 3.0) was obtained from Sigma Aldrich. UV-curable
encapsulation epoxy (E131) was obtained from Ossila.
5.3 Experimental
5.3.1 Analytical Techniques
NMR spectra were obtained in CDCl3 on a Varian 300 MHz spectrometer or a
Bruker 600 MHz spectrometer and were referenced to the residual solvent peak.
MALDI-TOF mass spectra were obtained on a Bruker BioFlex 2, using dithranol as the
matrix, and a 20:1 mass ratio of matrix to analyte, cast from THF. Brominated PBIs exhibit
a peak consistent with loss of a bromine atom, which are not seen in NMR. DiPBIs exhibit
a dimeric peak as well.
UV-vis spectra were obtained using a Perkin-Elmer Lambda 35 UV/Vis
spectrophotometer. Spectral normalization was carried out at 800 nm, where there is
negligible absorption by the blend components. Solution-state UV-Vis of diPBIs was
carried out in dilute solution (~10-5 M) in chloroform. Active layer films for absorption
measurements were cast onto quartz substrates. AFM imaging was performed on these
films on the same day to avoid the detrimental effects of changing ambient conditions, and
were conducted on a Dimension ICON scanning probe microscope from Bruker. All the
processes were performed in tapping mode in air mode using Nanoscope 8 software.
Cyclic voltammetry measurements were performed utilizing a Princeton Applied
Research VersaSTAT 4 Potentiostat using Pt working and counter electrodes, with an Ag
pseudo-reference electrode. Freshly distilled dichloromethane as the solvent, 0.1 M
Bu4NPF6 as the supporting electrolyte, and the analyte at 0.02 weight percent.
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5.3.2 Synthesis of precursors and target compounds
Branched alkylamines (2-butyl-1-octylamine and 2-hexyl-1-decylamine) for the
imidization reaction were synthesized from the starting alcohols utilizing the Gabriel
synthesis, outlined by Guo et al. 1,6,7,12-tetrabromoperylene bisanhydride (Br4PBA, 1)
was synthesized according to Qiu et al. NMR and MALDI-TOF spectra of all compounds
are reported in Appendix B.

N,N'-bis(2-butyl-1-octyl)-1,6,7,12-tetrabromoperylene-3,4,9,10-tetracarboxylic acid
bisimide (Br4BOPBI, 2a)
Br4PBA (4.0 g, 5.6 mmol) was weighed into a 250 mL round bottom flask, and
100 mL of propionic acid was added. The suspension was purged with nitrogen and
stirred. After 30 minutes, 2-butyl-1-octylamine (4.15 g, 22.4 mmol) was added, and the
temperature was brought to 140 °C and held for 4 hr. The majority of propionic acid was
subsequently removed via rotary evaporation, and the crude reaction mixture was
precipitated into methanol. The solids were collected and purified via silica gel column
chromatography with 3:2 toluene/hexanes as the eluent. The fractions were combined, the
volume was reduced via rotary evaporation, and the final material was precipitated into
methanol, affording 3.33 g (57.1 % yield) of Br4BOPBI as a red solid. 1H NMR (300
MHz, CDCl3): δ 8.83 (s, 4H), 4.15, 4.13 (d, 4H), 1.99 (m, 2H), 1.32 – 1.27 (m, 32H),
0.90 – 0.87 (m, 12H). 13C NMR (75 MHz, CDCl3): δ 162.55, 136.18, 131.64, 131.44,
123.95, 122.66, 44.96, 36.71, 31.88, 31.61, 31.30, 29.73, 28.64, 26.42, 23.11, 22.67,
14.17. Note: some aliphatic peaks overlap. MS (MALDI-TOF) calculated for [M]+:
1042.1, found: 1042.8
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N,N'-bis(2-hexyl-1-decyl)-1,6,7,12-tetrabromoperylene-3,4,9,10-tetracarboxylic acid
bisimide (Br4HDPBI, 2b)
Br4PBA (4.0 g, 5.6 mmol) was weighed into a 250 mL round bottom flask, 100
mL of propionic acid was added, and the suspension was purged with nitrogen and
stirred. After 30 minutes, 2-hexyl-1-decylamine (5.41 g, 22.4 mmol) was added, and the
temperature was brought to 140 °C and held for 4 hr. The majority of propionic acid was
subsequently removed via rotary evaporation, and the crude reaction mixture was
precipitated into methanol. The solids were collected and purified via silica gel column
chromatography with 1:1 toluene/hexanes as the eluent. The fractions were combined, the
volume was reduced via rotary evaporation, and the mixture was precipitated into
methanol, affording 3.77 g (57.8 % yield) of Br4HDPBI as a red solid. 1H NMR (300
MHz, CDCl3): δ 8.83 (s, 4H), 4.15, 4.13 (d, 4H), 1.99 (m, 2H), 1.32 – 1.27 (m, 48H),
0.90 – 0.87 (m, 12H). 13C NMR (75 MHz, CDCl3): δ 162.54, 136.18, 131.63, 131.43,
123.95, 122.66, 44.98, 36.72, 31.89, 31.61, 30.04, 29.72, 29.60, 29.32, 26.43, 22.68,
14.15. Note: some aliphatic peaks overlap. MS (MALDI-TOF) calculated for [M]+:
1154.2, found: 1155.0

N,N'-bis(2,6-Diisopropylphenyl)-1,6,7,12-tetrabromoperylene-3,4,9,10-tetracarboxylic
acid bisimide (Br4DIPPBI, 2c)
Br4DIPPBI was synthesized according to the procedure outlined by Qiu et al, and
isolated utilizing silica gel column chromatography with toluene as the eluent.
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N,N'-bis(2-butyl-1-octyl)-1,12-dibromoperylene-3,4,9,10-tetracarboxylic acid bisimide
(Br2BOPBI, 3a)
Br4BOPBI (1.50 g, 1.4 mmol), CuI (1.64 g, 8.4 mmol), and 2-picolinic acid (1.24
g, 9.8 mmol) were weighed into a Schlenk flask, the flask was sealed with a rubber
septum, and the system was purged with nitrogen for 30 minutes. Anhydrous
dimethylacetamide (DMAc) (22 mL) was injected into the flask, and the reaction was
heated at 75 °C for 6 hr. The reaction mixture was allowed to come to room temperature,
and the solution was poured into DI water and stirred for 1 hr. The solids were filtered,
dried, and purified via silica gel column chromatography with a gradient elution from 1:1
DCM/hexanes to 2:1 DCM/hexanes after elution of unreacted Br4BOPBI. Br2BOPBI was
isolated as a red solid (616 mg, 48.4 % yield). 1H NMR (300 MHz, CDCl3): δ 8.84 (s,
2H), 8.74, 8.71 (d, 2H), 8.57, 8.54 (d, 2H), 4.17, 4.14 (d, 4H), 2.01 (m, 2H), 1.34 – 1.27
(m, 32H), 0.90 – 0.87 (m, 12H). 13C NMR (75 MHz, CDCl3): δ 163.39, 162.87, 137.28,
134.43, 132.58, 130.69, 129.34, 126.88, 124.03, 123.40, 123.23, 122.78, 44.81, 36.67,
31.87, 31.64, 31.33, 29.74, 28.65, 26.46, 23.10, 22.67, 14.15. Note: some aliphatic peaks
overlap. MS (MALDI-TOF) calculated for [M]+: 884.3, found: 884.8
Alternatively, Br4BOPBI (500 mg, 0.48 mmol), CuI (548.5 mg, 2.88 mmol), Lproline (386.8 mg, 3.36 mmol), and diphenyl sulfoxide (2.1 g) were weighed into a
Schlenk flask and purged with nitrogen for 30 minutes. Anhydrous DMSO (5.8 mL) was
injected into the flask, and the reaction was heated at 75 °C for 6 hr, the flask was
allowed to cool to room temperature, and the reaction mixture was poured into methanol.
The products were purified using the same method as for the previous system (99.4 mg,
23.4 % yield).
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N,N'-bis(2-hexyl-1-decyl)-1,12-dibromoperylene-3,4,9,10-tetracarboxylic acid bisimide
(Br2HDPBI, 3b)
Br4HDPBI (2.31 g, 2.0 mmol), CuI (2.29 g, 12.0 mmol), and 2-picolinic acid
(1.72 g, 14.0 mmol) were weighed into a Schlenk flask, the flask was sealed with a
rubber septum, and the system was purged with nitrogen for 30 minutes. Anhydrous
dimethylacetamide (DMAc) (30 mL) was injected into the flask, and the reaction was
heated at 75 °C for 6 hr. The reaction mixture was allowed to come to room temperature,
and the solution was poured into DI water and stirred for 1 hr. The solids were filtered,
dried, and purified via silica gel column chromatography with a gradient elution from 1:1
DCM/hexanes to 2:1 DCM/hexanes after elution of unreacted Br4HDPBI. Br2HDPBI was
isolated as a red solid (924 mg, 46.4 % yield). 1H NMR (300 MHz, CDCl3): δ 8.83 (s,
2H), 8.72, 8.70 (d, 2H), 8.56, 8.53 (d, 2H), 4.17, 4.14 (d, 4H), 1.99 (m, 2H), 1.32 – 1.24
(m, 48H), 0.90 – 0.87 (m, 12H). 13C NMR (75 MHz, CDCl3): δ 163.56, 162.84, 137.27,
134.40, 132.56, 130.67, 129.31, 126.86, 124.02, 123.37, 123.23, 122.77, 44.85, 36.69,
31.90, 31.67, 30.05, 29.74, 29.60, 29.32, 26.48, 23.10, 14.14. Note: some aliphatic peaks
overlap. MS (MALDI-TOF) calculated for [M]+: 996.4, found 997.1
Alternatively, Br4HDPBI (500 mg, 0.43 mmol), CuI (494.8 mg, 2.58 mmol), Lproline (349.0 mg, 3.03 mmol), and diphenyl sulfoxide (1.9 g) were weighed into a
Schlenk flask and purged with nitrogen for 30 minutes. Anhydrous DMSO (5.3 mL) was
injected into the flask, and the reaction mixture was heated at 75 °C for 6 hr, allowed to
cool to room temperature, and poured into methanol. The products were purified using
the same method as for the previous system (85.9 mg, 19.9 % yield).

105

N,N'-bis(2,6-Diisopropylphenyl)-1,12-dibromoperylene-3,4,9,10-tetracarboxylic acid
bisimide (Br2DIPPBI, 3c)
Br4DIPPBI (500 mg, 0.49 mmol), CuI (558 mg, 2.93 mmol), and 2-picolinic acid
(421 mg, 3.42 mmol) were weighed into a Schlenk flask, the flask was sealed with a
rubber septum, and the system was purged with nitrogen for 30 minutes. Anhydrous
dimethylacetamide (DMAc) (7.3 mL) was injected into the flask, and the reaction was
heated at 75 °C for 6 hr. The reaction mixture was allowed to come to room temperature,
and the solution was poured into DI water and stirred for 1 hr. The solids were filtered,
dried, and purified via silica gel column chromatography with a gradient elution from 1:1
DCM/hexanes to 2:1 DCM/hexanes after elution of unreacted Br4DIPPBI. Br2DIPPBI
was isolated as a red solid (213 mg, 50.4 % yield). 1H NMR (300 MHz, CDCl3) δ 8.86 (s,
2H), 8.77, 8.74 (d, 2H), 8.59, 8.57 (d, 2H), 7.48, 7.46, 7.43 (t, 2H), 7.31, 7.29 (d, 4H),
2.70 (m, 4H), 1.12 (m, 24H). 13C NMR (75 MHz, CDCl3) δ 163.31, 162.62, 145.59,
137.68, 134.83, 133.00, 131.49, 131.29, 130.14, 129.89, 129.65, 127.55, 124.20, 123.67,
123.24, 122.83, 29.22, 24.02. MS (MALDI-TOF) calculated for [M]+: 868.1, found 868.0
Alternatively, Br4DIPPBI (500 mg, 0.49 mmol), CuI (558 mg, 2.93 mmol), and Lproline (393 mg, 3.42 mmol) were weighed into a Schlenk flask and purged with nitrogen
for 30 minutes. Anhydrous DMSO (7.3 mL) was injected into the flask, and the reaction
mixture was heated at 75 °C for 6 hr, allowed to cool to room temperature, and poured
into methanol. The products were purified using the same method as for the previous
system (95.2 mg, 22.5 % yield).
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Di(butyloctyl perylene bisimide), diBOPBI, 4a
Br2BOPBI (575 mg, 0.65 mmol), CuI (743 mg, 3.90 mmol), L-proline (524 mg,
4.55 mmol), potassium carbonate (898 mg, 6.50 mmol), and phenyl sulfoxide (2.6 g)
were weighed into a Schlenk flask. The solids were purged with nitrogen for 45 minutes,
after which anhydrous DMSO (7 mL) was injected. The reaction mixture was heated at
110 °C for 12 hr. After cooling to room temperature, the reaction mixture was poured
into 1 M HCl in methanol and allowed to stir for 1 hr. The solids were filtered off,
collected, and purified via silica column chromatography using 3:2 DCM/hexanes to 1:1
DCM/hexanes. The fractions with the target compound were then purified via preparatory
TLC with 3:2 toluene/DCM as the eluent. The product was then scraped off of the plate
and eluted from the silica with DCM and methanol, affording the 54.3 mg of the product
(11.5 % yield) as a black-blue solid. 1H NMR (600 MHz, CDCl3): δ 9.41 – 8.70 (m,
10H), 4.47 – 4.14 (m, 8H), 2.17 – 2.06 (m, 4H), 1.40 – 0.67 (m, 88H). 13C NMR spectra
were not well-resolved. MS (MALDI-TOF) calculated for [M]+ 1447.8, found 1448.0
Alternatively, Br4BOPBI (500 mg, 0.48 mmol), CuI (549 mg, 2.88 mmol), Lproline (387 mg, 3.36 mmol), potassium carbonate (663.4 mg, 4.80 mmol), and phenyl
sulfoxide (2.1 g) were weighed into a Schlenk flask, purged with nitrogen for 45 minutes,
and 5.8 mL DMSO was injected via syringe. The reaction mixture was subjected to the
same conditions as the above procedure yielding diBOPBI (35.7 mg, 10.3 % yield).

Di(hexyldecyl perylene bisimide), diHDPBI, 4b
Br2HDPBI (750 mg, 0.75 mmol), L-proline (609 mg, 5.25 mmol), CuI (863 mg,
4.5 mmol), K2CO3 (1.044 g, 7.5 mmol), and phenyl sulfoxide (2.4 g) were weighed into a
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Schlenk flask, the flask was sealed with a rubber septum, and the reaction mixture was
purged with nitrogen for 45 minutes. Anhydrous DMSO (7.3 mL) was added via a
syringe, and the reaction was heated at 110 °C for 12 hr. The reaction mixture was
brought to room temperature and poured into 1M HCl in methanol and stirred for 1 hr.
The solids were isolated by filtration and redissolved into DCM. The target compound
was isolated via silica gel column chromatography via gradient elution from 3:2
DCM/hexanes to 1:1 DCM/hexanes to remove the impurities that travel quickly. The
fractions with the target compound were then purified via preparatory TLC with 3:2
toluene/DCM as the eluent. The final product was eluted from the silica with DCM and
methanol affording 111.3 mg of the product (17.6 % yield) as a black-blue solid. 1H
NMR (600 MHz, CDCl3): δ 9.46 – 8.73 (m, 10H), 4.50 – 4.17 (m, 8H), 2.20 – 2.05 (m,
4H), 1.40 – 0.69 (m, 120H). 13C NMR spectra were not well resolved.MS (MALDI-TOF)
calculated for [M]+: 1672.1, found 1672.3.
Alternatively, Br4HDPBI (500 mg, 0.43 mmol), L-proline (349 mg, 3.0 mmol),
CuI (495 mg, 2.6 mmol), K2CO3 (598 g, 4.3 mmol), and phenyl sulfoxide (1.9 g) were
weighed into a Schlenk flask, purged with nitrogen for 45 minutes, and 5.3 mL DMSO
was injected via syringe. The reaction mixture was subjected to the same conditions as
the above procedure yielding diHDPBI (35.9 mg, 9.9 % yield).
Di(diisopropylphenyl perylenebisimide), diDIPPBI, 4c
Compound 4c was synthesized according to the previous report by Qian et al., and
isolated at a 24.6 % yield.
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5.3.3 Device Fabrication for Determination of Power Conversion Efficiency
PTB7 and the respective diPBIs were weighed into an amber vial in a nitrogenfilled glovebox at the desired weight ratio. Chlorobenzene was added to bring the total
concentration to 15 mg/mL, and the mixture was heated at 60 °C for 8 hours in the
glovebox. ITO-coated glass substrates (Lumtech) were successively cleaned
ultrasonically in deionized water, acetone, and isopropanol for ten minutes each. They
were dried under flowing nitrogen and exposed to UV/ozone for 40 minutes in a
ProCleaner™ Plus system, after which a layer of PEDOT:PSS was spin coated at a speed
of 5000 rpm for one minute. The PEDOT:PSS-coated substrates were baked on a hotplate
at 150 °C for ten minutes and transferred to a nitrogen-filled glovebox. The active layer
was then spin-coated at 1250 rpm for 70 s, giving an active layer thickness around 100
nm, as measured by AFM scratch testing. The devices were then transferred in a shadow
mask into an Angstrom Engineering thermal evaporator system, and a vacuum was
applied at 10-6 torr. Layers of calcium (20 nm) and aluminum (80 nm) were subsequently
deposited at 1 Å/s. The devices were encapsulated with UV-curable epoxy (Ossila) and a
glass cover slip and were transferred outside the glovebox to immediately cure the epoxy
by exposure to UV irradiation for six minutes. The devices were then immediately tested.
Current-voltage (J-V) measurements were carried out with a Keithley 2400 source unit
coupled to an AM1.5 Photo Emission Tech solar simulator, with illumination of 1000
W/m2 from a xenon lamp coupled to a monochromator. For each experimental material,
four identical devices were fabricated, each having six pixels, with active areas of 0.042
cm2. The top-performing 75% of pixels were used for statistical analysis.
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5.4 Results and Discussion
5.4.1 Synthesis and Characterization of diPBIs

Scheme 5.1 Reaction scheme and conditions for the syntheses of diPBIs: i) R-NH2,
propionic acid, 140 °C, 4 hr; ii) CuI, L-proline, K2CO3, DMSO, 110 °C, 12 hr; iii) CuI,
L-proline, K2CO3, DMSO/DPSO, 110 °C, 12 hr; iv) CuI, L-proline, DMSO, 75 °C, 6 hr;
v) CuI, L-proline, DMSO/DPSO, 75 °C, 6 hr; vi) CuI, 2-picolinic acid, dimethyl
acetamide, 75 °C, 6 hr.

The syntheses of all target diPBIs (4a, b, and c) involve a multistep process
(Error! Reference source not found.), first requiring the synthesis of the tetrabromoperylene bisanhydride (1) and then the synthesis of the tetrabromo-perylene diimides (2a,
b, and c) procedures of which are widely reported and easily reproduced from the
literature (condition i, Scheme 1).6, 18 Direct coupling of compound 2c using the reported
procedures in DMSO (condition ii) yielded compound 4c in yields comparable to
literature.15 Direct coupling of the aliphatic tetrabromo-PBIs 2a and b was attempted
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using condition ii, but the compounds were insoluble in DMSO, the solvent of choice for
this style of coupling,16-17 so a different solvent was needed. The coupling reactions were
attempted using DMSO and either toluene or dioxane as a cosolvent, without success.
Diphenyl sulfoxide was chosen as the cosolvent to maintain the sulfoxide functionality of
DMSO while also lowering the polarity of the solvent mixture, effectively solubilizing
the tetrabromo-PBIs at a 3:1 mass ratio of DMSO to DPSO (condition iii). Direct
coupling of the aliphatic tetrabromo-PBIs provided yields lower than, but comparable to,
direct coupling of the aryl diPBI in literature.15
In an effort to obtain more of the target compounds 4a and b from a single
reaction, a method similar to Jiang et al.’s report16 was first utilized to dehalogenate the
tetrabromo-PBIs in one bay, in an alternate route to the target diPBIs. The solvent system
of 3:1 DMSO/DPSO was utilized (condition v), and yields lower than those reported
resulted (Error! Reference source not found.), likely due to the poor solubility of the
tetrabromo-PBIs at the reaction temperature, which was only a few degrees above the
melting point of DPSO. Screening for alternate solvents showed that dimethyl acetamide
solubilizes 2a and b, but L-proline was not soluble. Due to its solubility in DMAc and
high activity in other similar copper-mediated reactions,14 2-picolinic acid (2PA) was
chosen as a ligand. 14 Dehalogenation of the tetrabromo-PBIs was performed with the
DMAc/2PA combination (condition vi), which doubled the yield of the dibromo-PBIs as
compared to the DMSO/DPSO/L-proline system, as well as for the dehalogenation of 2c
in DMSO (condition iv). These yields are greater than those obtained in other reports on
the dehalogenation of aliphatic tetrahalogenated PBIs,18-20 presumably due to the
increased solubility of the tetrabromo-PBIs in DMAc compared to DMSO or
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DMSO/DPSO mixtures. Coupling of the dibromo-PBIs was attempted utilizing the
DMAc/2PA system, though only trace amounts of the desired diPBIs were obtained.21
The DMSO/DPSO/L-proline system (condition iii) was utilized to couple the dibromoPBIs. The yields of the target compounds utilizing the two-step synthetic route were
higher than those of the direct method, but the overall yields from the one-step direct
coupling were higher when starting from the tetrabrominated PBIs.

Table 5.1 Reaction conditions and purified yields for target compounds.
Target
Compound

Reaction route

Yield (%)

Br2BOPBI (3a)

v
vi

23.4
48.4

Br2HDPBI (3b)

v
vi

19.9
46.4

Br2DIPPBI (3c)

iv
vi

22.5
50.4

diBOPBI (4a)

vi, iii
iii

11.5
10.3

diHDPBI (4b)

vi, iii
iii

17.6
9.9

iit

24.6

diDIPPBI (4c)
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Figure 5.2 UV-vis absorption spectra of diPBIs in CHCl3 solution. Similar absorption
profiles for each diPBI show that solubilizing group does not have a large impact on the
absorption of the molecule.
UV-visible spectroscopy (Error! Reference source not found.) shows similar
absorption profiles for each molecule, indicating that the different diPBIs’ solubilizing
groups do not strongly affect the absorption of the molecules in solution. The optical
band gap, estimated by the absorption onset, for each diPBI is the same (Error!
Reference source not found.). The energy levels (HOMO and LUMO) are quite similar
and lie close to the values for similar molecules reported in the literature. Because of the
very similar energy levels and light absorption, any performance differences when
incorporated into the active layer can be attributed to the identity of the R-groups and
their variable solubilities.
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Table 5.2 Photophysical properties of diPBIs in solution. λonset was calculated from the
onset of absorption in dilute CHCl3 solution (~10-5 M), and Eg was calculated according
to Eg (eV) = (1240 / λonset). Eonset was calculated from the onset of the reduction peak in
cyclic voltammetry compared to the reduction peak of Fc/Fc+. The LUMO of the diPBIs
was estimated according to the onset of the reduction peaks and ELUMO = -(4.8 + Eonset).
The HOMO was calculated according to EHOMO = (ELUMO – Eg) eV.
λonset
(nm)

Eg
(eV)

Eonset
(V)

ELUMO
(eV)

EHOMO
(eV)

diBOPBI (4a)

701

1.77

-0.54

-4.26

-6.03

diHDPBI (4b)

702

1.77

-0.59

-4.21

-5.97

diDIPPBI (4c)

702

1.77

-0.62

-4.18

-5.95

Compound

5.4.2 Power Conversion Efficiency
Table 5.3 Performance parameters of PTB7:diPBI devices at varied donor:acceptor
weight ratios.

Acceptor D:A ratio
diBOPBI
(4a)

diHDPBI
(4b)

diDIPPBI
(4c)

Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

1:1

0.350 ± 0.017

3.26 ± 0.22

39.3 ± 4.1

0.45 ± 0.09

1:1.5

0.335 ± 0.025

3.52 ± 0.21

37.1 ± 5.8

0.43 ± 0.06

1:1

0.339 ± 0.010

2.57 ± 0.13

46.4 ± 5.2

0.38 ± 0.04

1:1.5

0.331 ± 0.020

3.79 ± 0.17

39.9 ± 3.6

0.48 ± 0.05

1:1

0.281 ± 0.067

0.92 ± 0.12

40.6 ± 12.1

0.09 ± 0.02

1:1.5

0.282 ± 0.049

0.96 ± 0.13

31.9 ± 4.9

0.08 ± 0.02
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Once isolated, the diPBIs are soluble in common solvents like chloroform, THF,
toluene, and chlorobenzene. Surprisingly, diDIPPBI was only sparingly soluble in 1,2dichlorobenzene, so for photovoltaic active layer blends, chlorobenzene was utilized as
the casting solvent. Devices were fabricated utilizing PTB7:diPBI blends at differing
weight ratios, and the performance parameters are summarized in Error! Reference
source not found.. The power conversion efficiencies of the devices are lower than those
reported previously for a system that utilized a similar donor polymer and different D:A
weight ratios.16 The open-circuit voltages of these devices are low compared to those
reported for other devices based on the donor polymer PTB7.9, 22-23 This is most likely
due to the low-lying LUMO of the diPBIs, which limits the maximum value obtainable
for the Voc.24 The short-circuit current densities are also low, especially for 4c,
presumably due to poor charge transport of the acceptor caused by an increased level of
π-π stacking in the aryl R-groups, which increases the number of charge traps and limits
the number of charge carriers that can escape the phase-separated domains. The highest
PCE is observed for the devices utilizing 4b at the 1:1 D:A ratio, driven by the large
increase in the Jsc under those conditions. In the bulk heterojunction polymer blend
configuration of the OPV devices evaluated in the present study, the strong pi-stacking of
the diPBIs likely leads to self-aggregation, which hinders the formation of an
interconnected three-dimensional network.
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Figure 5.3 Solid-state UV-Vis spectra of 1:1.5 PTB7:diPBI films. Absorbance peaks in
the diDIPPBI (4c) spectrum at 620 and 700 nm show absorbance from the diDIPPBI
only, indicating poor charge transfer.

Solid-state UV-Vis spectra of the PTB7:diPBI films at a 1:1.5 ratio are shown in
Error! Reference source not found.. All films retained the distinctive diPBI absorption
peaks at ~400 nm and ~520 nm. However, in the PTB7:diDIPPBI film, the diPBI
absorption peak is dramatically higher than in the alkyl diPBI films. This is most likely
due to formation of large crystalline domains of diDIPPBI, driven by the high aromatic
content of these molecules, which results in poor charge separation and generation. This
is reflected in the low PCE of the diDIPPBI devices reported in Error! Reference source
not found..
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Figure 5.4 AFM images of PTB7:diPBI blends at the 1:1.5 weight ratio. Images in
column A are PTB7:diBOPBI (4a) blends, column B PTB7:diHDPBI (4b) blends, and
column C PTB7:diDIPPBI (4c) blends. Images in row 1 are 2.5 μm x 2.5 μm height
images, row 2 are 500 nm x 500 nm height images, and row 3 are 500 nm x 500 nm
phase images.
AFM height images of the 1:1.5 PTB7:diPBI blends in Error! Reference source
not found. show small phase-separated crystalline domains consistent with blends of
high performance polymers with other acceptors, fullerene and non-fullerene alike.16, 25
The aliphatic-substituted diPBIs in column A and B show phase separation into cocontinuous morphologies, which are also seen via phase imaging. The height images in
column C, corresponding to the PTB7:diDIPPBI blend, show more discrete phase
separation, with round projections from the surface evident in image C2. Phase imaging,
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though, reveals a stark difference in the phase separation in the films with aliphatic (A3
and B3) vs. aromatic (C3) diPBIs. A3 and B3 show a co-continuous morphology without
a great difference in the phase angle, indicating relative homogeneity on the surface. C3
shows a large difference in the phase angle between the bright and dark spots, indicating
a high level of phase separation. This is attributed to the diDIPPBI’s increased aromatic
character, driving π-π stacking and aggregation. RMS roughness analysis of the surfaces
shows a rougher surface for the PTB7:diDIPPBI blend (RMS5μm = 1.47 nm) than for the
PTB7:diBOPBI blend (RMS5μm = 1.05 nm) or PTB7:diHDPBI blend (RMS5μm = 0.83
nm). For PTB7-based devices, a rougher active layer surface is correlated with decreased
performance.26

5.5 Conclusions
A new higher-yielding solvent and ligand system of dimethylacetamide and 2picolinic acid for monobay dehalogenation of tetrahalogenated PBIs was developed for
reactions involving PBIs insoluble in DMSO. The solvent system can also be easily
applied to systems that are soluble in DMSO, resulting in higher yields. This establishes a
platform for the utilization of a wider array of 1,12-dihalogenated PBIs in electronic
material design. Triply-linked perylene bisimide dimers (diPBIs) were synthesized from
1,6,7,12-tetrabromoPBIs in a direct coupling route, in higher overall yields than a route
that first required the synthesis and purification of the 1,12-dibromoPBIs. To our
knowledge, this is the first report of the direct coupling of aliphatic tetrabromo PBIs to
yield triply-linked diPBIs.
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The diPBIs were utilized as non-fullerene acceptors in polymer photovoltaic
devices. Devices were prepared using PTB7 as the polymer donor material, and
demonstrated poor to modest performance compared to devices using similar materials in
the active layer. Aliphatic-substituted diPBIs gave PCEs around 0.4 %, while the arylsubstituted diPBI gave less than 0.1 %. Many factors influenced the ultimate
performance, including the diPBIs’ energy-level matching with the donor polymer PTB7.
Each diPBI compound exhibited very similar optoelectronic properties, and only differed
with the type of solubilizing group. The poorer performance of the aryl diPBI is due to
the additional aromatic stacking, leading to crystalline domains that trap charges, limiting
performance. The strong π-π stacking of these materials limits their applicability in OPV
applications, but the new method for modification of PBIs expands the architectures
available for PBI-based molecules and non-fullerene acceptors, providing the potential to
tune the composition for specific applications.
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CHAPTER VI – CONCLUSIONS
In this work, the fundamental understanding of morphology control in the model
P3HT:PCBM with solvent vapor and thermal annealing was improved through carefully
studying the evolution of the morphology through GIWAXS. A number of new materials
as active layer components were synthesized and characterized, and their performance in
the active layers of polymer OPVs was determined. The main conclusions are
summarized below:
1. GIWAXS was utilized as an advanced characterization technique to understand
the mechanism behind PCE improvements upon tandem solvent vapor and
thermal annealing. Solvent vapor annealing locks in three-dimensional
connectivity of P3HT crystallites in the active layer of P3HT:PCBM polymer
OPVs. Isopropyl alcohol, a poor solvent, as the SVA solvent increases lamellar
coherence length and PCE, and DCB, a good solvent, decreases lamellar
coherence lengths along with PCE. The favorable crystallite orientations and sizes
were maintained and improved upon thermal annealing, exhibiting a synergistic
interplay between isopropanol annealing and thermal annealing.
2. A series of POSS molecules with tethered perylene bisimide moieties were
synthesized with varied structural parameters to act as light-absorbing
nanostructuring agents in the active layer of P3HT:PCBM OPVs. A new synthetic
method was developed to synthesize perylene-tethered POSS. Different structural
parameters on the perylene-POSS molecules affected the performance when
incorporated at 1 wt% into the active layer. The best performing POSS-containing
devices showed no improvement over the neat devices, though solubilizing
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groups had an effect on device performance: the best performing perylene-POSScoontaining device possessed a hexyldecyl solubilizing group, and a phenyl group
linking the perylene to the POSS cage.
3. Donor-acceptor copolymers based on the thieno[3,4b]pyrazine unit were
synthesized utilizing the Stille coupling reaction. The polymers had broad
absorption through the visible range of the solar spectrum into the near-infrared,
with a band gap of 1.40 eV. The energy levels of the polymers were all wellpositioned for efficient charge transport to PCBM. The best-performing polymer,
BDTBuTPZ, gave a PCE of 0.86 %, well below the state of the art, likely due to
poor solubility of the copolymer yielding unfavorable BHJ morphologies with
large phase-separated domains, as well as absorption profiles in the range of the
solar spectrum where there is low photon flux.
4. A new, higher-yielding system for dehalogenation of 1,6,7,12-tetrabromoperylene
bisimides was utilized to prepare a series of triply-linked perylene bisimide
dimers (diPBIs). The new system of DMAc and 2-picolinic acid is higher-yielding
than other similar reports, and provides a platform for modification and
construction of PBIs that are not soluble in the classical DMSO system.
Utilization of the diPBIs as a non-fullerene acceptor in polymer OPVs with PTB7
as the donor polymer yielded devices with PCEs of around 0.4 % for aliphatic
derivatives, and 0.1 % for the aryl derivative. The differences in performance are
attributed to the differing aggregation ability of the diPBIs, the aryl derivative
having increased π-π interactions, forming unfavorable phase-separated
morphologies.
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RECOMMENDATIONS FOR FUTURE WORK
The perylene-POSS molecules reported in this dissertation may be better utilized
in high-performance polymer applications, with non-fullerene acceptors based on
perylene bisimide. The effect of POSS nanostructured chemicals on the morphologies of
high-performance systems, like PTB7:PCBM blends has yet to be studied. If
improvements are seen in systems utilizing POSS without a tethered perylene moiety,
they may be good candidates for inclusion of perylene-POSS molecules as lightabsorbing nanoadditives. Additionally, the synthesis of perylene-POSS with a phenyl
corona and propyl linking group may give the proper solubility to positively influence the
P3HT:PCBM active layer morphology and promote charge generation and separation.
The alternative chemistries for dehalogenation of the tetrabromoPBIs could be
utilized to expand the structural modularity of PBI-based non-fullerene acceptors. Kinked
oligomeric or polymeric non-fullerene acceptors could be prepared from 1,12dibromoPBIs through palladium-catalyzed cross-coupling with 1,7-dibromoPBIs and 2,5bis(trimethylstannyl)thiophene (or a similar comonomer) to yield a non-fullerene
acceptor with decreased propensity for aggregation, shown to aid in the performance of
PBI-based NFAs. Exploration of alternative architectures utilizing diPBIs instead of
monoPBIs could be of interest. Monobromination of an alkyl diPBI could be performed,
and two could be coupled to a spirofluorene or thiophene yielding structures similar to
those in Figure 8, Chapter I. Reduction in aggregation of these compounds will serve to
improve on the positive aspects of the molecules (broad light absorption, potential air
stability, high electron mobility) while mitigating the strong π-interactions that negatively
impact the performance of the compounds.
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APPENDIX A – SUPPORTING INFORMATION FOR CHAPTER III

Figure A.1 1H NMR spectrum of aminophenyl-heptaisobutyl POSS.
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Figure A.2

13

C NMR spectrum of aminophenyl-heptaisobutyl POSS.

Figure A.3 29Si NMR spectrum of aminophenyl-heptaisobutyl POSS.
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Figure A.4 1H NMR spectrum of EHAPiBu7 POSS 2a.

Figure A.5 13C NMR spectrum of EHAPiBu7 POSS 2a.
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Figure A.6 29Si NMR spectrum of EHAPiBu7 POSS 2a.

Figure A.7 1H NMR spectrum of HDAPiBu7 POSS 2b.
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Figure A.8 13C NMR spectrum of HDAPiBu7 POSS 2b.

Figure A.9 29Si NMR spectrum of HDAPiBu7 POSS 2b.
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Figure A.10 1H NMR spectrum of EHPhiBu7 POSS 3a.

Figure A.11

13

C NMR spectrum of EHPhiBu7 POSS 3a.
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Figure A.12

29

Si NMR spectrum of EHPhiBu7 POSS 3a.

Figure A.13 1H NMR spectrum of HDPhiBu7 POSS 3b.
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Figure A.14

13

Figure A.15

29

C NMR spectrum of HDPhiBu7 POSS 3b.

Si NMR spectrum of HDPhiBu7 POSS 3b.
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APPENDIX B SUPPORTING INFORMATION FOR CHAPTER V

Figure B.1 Reductive cyclic voltammograms of diBOPBI 4a, diHDPBI 4b, and
diDIPPBI 4c.

135

Figure B.2 1H NMR spectrum of Br4BOPBI 2a.

Figure B.3 13C NMR spectrum of Br4BOPBI 2a.
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Figure B.4 MALDI-TOF mass spectrum of Br4BOPBI 2a.

Figure B.5 1H NMR spectrum of Br2BOPBI 3a.
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Figure B.6 13C NMR spectrum of Br2BOPBI 3a.

Figure B.7 MALDI-TOF mass spectrum of Br2BOPBI 3a.
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Figure B.8 1H NMR spectrum of diBOPBI 4a.

Figure B.9 MALDI-TOF mass spectrum of diBOPBI 4a.
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Figure B.10 1H NMR spectrum of Br4HDPBI 2b.

Figure B.11 13C NMR spectrum of Br4HDPBI 2b.
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Figure B.12 MALDI-TOF mass spectrum of Br4HDPBI 2b.

Figure B.13 1H NMR spectrum of Br2HDPBI 3b.
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Figure B.14 13C NMR spectrum of Br2HDPBI 3b.

Figure B.15 MALDI-TOF mass spectrum of Br2HDPBI 3b.
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Figure B.16 1H NMR spectrum of diHDPBI 4b.

Figure B.17 MALDI-TOF mass spectrum of diHDPBI 4b.
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Figure B.18 1H NMR spectrum of Br4DIPPBI 2c.

Figure B.19 13C NMR spectrum of Br4DIPPBI 2c.
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Figure B.20 MALDI-TOF mass spectrum of Br4DIPBI 2c.

Figure B.21 1H NMR spectrum of Br2DIPPBI 3c.
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Figure B.22 13C NMR spectrum of Br2DIPPBI 3c.

Figure B.23 MALDI-TOF mass spectrum of Br2DIPPBI 3c.
146

Figure B.24 1H NMR spectrum of diDIPPBI 4c. Residual solvent peaks are evident as
sharp peaks between 2.0 and 3.0 ppm.

Figure B.25 MALDI-TOF mass spectrum of diDIPPBI 4c.
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